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Abstract

Nearly 2.2 billion people around the globe struggle with access to safely managed drinking
water (WHO/UNICEF, 2019), however, there have been certain initiatives taken, particularly by
means of small water production facilities for enhancing access to basic drinking water services in
rural areas. The water production facility, specifically located in the low- and middle-income
countries, usually encounter operational difficulties as a result of limited availability of resources
and are required to depend on other resourceful countries for goods and services. Although, with
limited research done for assessing the environmental sustainability of water facilities in low- and
middle-income countries, numerous data gaps were recognized.
The objective of this study is to access environmental sustainability of a small water
production facility in Madagascar by a method called Life Cycle Assessment (LCA), using
SimaPro Version 7.3.3 as an evaluation tool. The study includes all components relative to the
production, operation, and maintenance of the processes involved in production of potable water
at the facility. The construction and end of life stages are not included within the analysis. The
environmental impacts are accessed in terms of embodied energy and carbon footprint. The facility
being located in an island country, relies heavily on other countries for import of most of the
required materials and assemblies and trading unavoidably demands energy and fuel consumption
for transportation causing air pollution and other environmental impacts.
Furthermore, it was estimated that operation of the potable water production facility as a
whole unit had cumulative energy demand of 158 MJ/m3 and a global warming potential of 7.24
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kg CO2-eq/m3. The overall environmental impacts were considerably lower because the production
facility had installed solar panels for production of electricity for powering the facility, which tends
to reduce the emissions and energy demand, otherwise related to the electricity production from
grid. Also, the facility reutilize used 20-liter HDPE oil containers for packaging of treated water
which is then supplied to the consumers. Prior to the refill of treated water, the used containers are
cleaned and disinfected at the facility. Resulting in assisting the facility to reduce overall
environmental impacts equivalent to 189 MJ/m3 of cumulative energy demand and 5.63 kg CO2eq/m3 of global warming potential, related with the manufacturing of new containers required for
packaging of treated water.
Additionally, it was discovered that the process of recycling of used containers for
packaging of treated water had significantly higher contributions towards both the cumulative
energy demand (102 MJ/m3) and the global warming potential (3.42 kg CO2-eq/m3). Closely
followed by the utilization of diesel fueled transportation unit (5-ton truck) for delivery of
packaged containers to kiosks with the cumulative energy demand of 47.5 MJ/m3 and global
warming potential of 3.42 kg CO2-eq/m3. While the process of treatment of water and electricity
generation otherwise contributed least to the overall cumulative energy demand and global
warming potential. Overall, the focus of this study is to provide an insight on the major
constraining factors such as resource extraction, and dependence on importation of commodities
that are involved in the operation of a small-scale water production system, particularly in a lowand middle-income country setting.
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Chapter 1: Introduction

1.1 Background Information
Access to safe drinking water plays a significant role in the current global efforts to fight
widespread poverty and poor health, especially in the developing countries (Sambu, 2016). Studies
indicate that people living in less-developed or rural areas or residing in acute poverty (those living
on less than $ 1.25 a day) generally corresponds with those that do not have access to safe drinking
water (GWP, 2003; Marson & Savin, 2015). As a matter of fact, one in every three people across
the globe lack access to secure, easily available drinking water services (WHO/UNICEF, 2017a).
Accordingly, the United Nations (UN) sanctioned the Millennium Development Goals
(MDGs) in September 2000 to counter dire poverty and hunger, illiteracy, ensure environmental
sustainability all over, and provide decent standards of living by the year 2015 (United Nations,
2015a). MDG 7 for “ensuring environmental sustainability” included an objective to “cut in half
the proportion of population without sustainable access to safe drinking water and basic sanitation”
(WHO/UNICEF, 2015). Many countries participated in fulfilling MDGs and made significant
advances towards attaining the goals. Globally, within the time frame of 1990 to 2015, 2.6 billion
people complied to improved drinking water and 1.9 billion complied to piped drinking water onsite (United Nations, 2015a).
Despite the fact that over half of the global population has achieved higher level of water
services, a significant number of people still remain without any water access. Therefore, the
United Nations Development Program in Rio de Janeiro in 2012, announced the creation of
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Sustainable Development Goals (SDGs) as a substitute of the expiring MDGs. The target was to
develop universal goals to address the insistent environmental, political and economic challenges
by 2030 (UNDP, 2016). SDG 6 has the target to “ensure availability and sustainable management
of water and sanitation to all”, including the Target 6.1, which is, to “achieve universal and
equitable access to safe and affordable drinking water for all, by 2030” (United Nations, 2015b).
SDG target 6.1 intends to attain global access, and not just reduced portion of the population
lacking access. It also strives to provide equal accessibility, which emphasizes minimizing
disparities in service levels amongst sub-populations. And finally, it states that drinking water must
be secured, economically stable, and approachable to all (WHO/UNICEF, 2017b).
Owing to monitor the progress of SDG 6 and to differentiate amongst different service
levels, the Joint Monitoring Programme (JMP) proposed supplementary standards on the
accessibility, availability, and quality of drinking water services. The JMP distinguishes
population on the basis of household water services available to them, as described in Figure 1.1.
The main concern for accomplishing SDG 6 is to provide a water network to populations that
remain unserved and to eliminate the use of untreated surface water and other unimproved water
sources because they possess major risk to public health, which is most commonly experienced in
the low- and middle-income countries (WHO/UNICEF, 2017b). Numerically over half of the 144
million people that continued collecting water from surface water sources like rivers, lakes, and
ponds, reside in sub-Saharan Africa, eight times higher than every other region of the world
(WHO/UNICEF, 2019). Furthermore, it was reported that out of ten countries with at a minimum
20% population of the country relying on limited services, eight were in sub-Saharan Africa and
remaining two in Oceania (WHO/UNICEF, 2017b).
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Figure 1.1 JMP service ladder for household drinking water services. Reprinted with permission
from ‘Safely managed drinking water – thematic report on drinking water 2017’. Geneva,
Switzerland: World Health Organization; 2017.
The developed countries have a wide range of improved drinking water sources coverage,
whereas least coverage of service levels is observed in around 48 countries which were assigned
as the least developed countries by the United Nations, notably those situated in sub-Saharan
Africa as shown in Figure 1.2 (WHO/UNICEF, 2015). Lack of water extraction and accessibility
are significant constraints in numerous countries, especially in sub-Saharan Africa. Given that,
while most of the world’s population spends less than 30 minutes on an average for water
collection, people in sub-Saharan Africa are reported to spend more than 30 minutes for water
collection (WHO/UNICEF, 2017b).
Based on regional groupings of the SDGs, 47 countries are specified as the least developed
countries (LDCs), with majority of countries situated in sub-Saharan Africa, including Madagascar
(WHO/UNICEF, 2019; UN, 2018). LDCs are defined as the low income countries facing harsh
financial and structural obstructions in attaining sustainable development. These countries are
most vulnerable to economic and environmental crisis and possess limited fraction of human
resources. LDCs are designated based on standards like per capita income, human asset index, and
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economic vulnerability index defined for the country. In addition, LDCs are also marked as
countries with population lower than 75 million (UN, 2018).

Figure 1.2 Map showing proportion of population using unimproved drinking water source in
time frame of 2015 (%) all over the world. Reprinted with permission from ‘Safely managed
drinking water – thematic report on drinking water 2017’. Geneva, Switzerland: World Health
Organization; 2017.
The country of Madagascar depends on resource extraction and lacks investment in
industries, science, and new technologies, ultimately leading to lower economic development.
Furthermore, Madagascar, being an island country, has a great dependency on importing resources
from other countries. Historically, imports have exceeded exports resulting in the country’s overall
consumption being a bit higher than its production. In addition to that, the geographic seclusion of
the country and absence of transport infrastructure also provides a barrier for trade and
communication within the country (Henreckson, 2019).
Madagascar has a projected population of around 27.53 million (July 2021 est.), but only
55.5% of the total population, 87.9% of urban and 36.3% of rural (2017 est.) population have
4

access to improved drinking water sources (CIA, 2021). In addition, it is reported that every four
in five Malagasy people drink water contaminated with E. coli, i.e., fecal matter and other
pollutants (Cluster, 2019). In the wake of global challenge associated with the lack of available
and improved potable water, there is an urgent need to address the issue, especially in the rural and
peri-urban areas of developing countries. Fortunately, in order to address this issue, a number of
governmental and non-governmental organizations as well as a few local agencies have been
investing resources in developing projects in the field of water, sanitation and hygiene (WaSH)
(Ferguson, 2019). One outcome is the establishment of small drinking water systems (SDWS) that
are capable of offering affordable, good quality water for human consumption.

1.2 Motivation, Uniqueness, Objective, and Hypothesis
The motivation of this research thesis is to support the ongoing efforts for accomplishing
SDG Target 6.1, of “attaining universal and equitable access to safe and affordable drinking water
for all, by 2030”. Specifically, it supports efforts to provide citizens of Toamasina (Madagascar)
with access to high quality drinking water. This study is based on the major knowledge gap
identified in the literature review that research had been performed on assessing the environmental
sustainability of different point-of-use and specific water treatment technologies; however limited
studies have addressed the overall environmental impacts of a small-scale water production facility
located in low- and middle-income countries. Therefore, the primary research objective of this
thesis is to assess the environmental sustainability of a local private water provider’s water
production facility (i.e., the Ranontsika water supply system) in Madagascar.
One unique aspect of this research work is that the assessment is performed for a smallscale water supply system located in Madagascar, an island nation which annotated as one of the
world’s least developed countries. Additionally, in reference to facility operation, the business
5

model is novel, as most of the energy required for operating the facility is generated using solar
panels. Furthermore, the facility reutilize used vegetable oil containers for packaging and selling
of treated water. Implementation of solar panels and recycling used water containers may reduce
the overall carbon footprint of the system while also lowering costs of water provision compared
to importation of new water containers or fossil fuels to provide electricity.
Overall, the thesis study has the following objectives:
▪

Perform an Life Cycle Assessment (LCA) to determine the environmental sustainability
of the Ranontsika water production facility, through its life cycle including extraction
and processing of raw materials, treatment, distribution, use, recycling, and final disposal.

▪

Utilize results from the LCA in terms of overall embodied energy and carbon footprint
to improve the environmental sustainability of the water production facility and identify
major factors involved in operation of small-scale water production systems especially
in low- and middle-income countries.

▪

Compare the results over different scales and obtained from different countries by
normalizing results to 1 m3 of potable water produced.

▪

Identify the value of environmental impacts saved by the water production facility
through their reutilization of containers for packaging treated water.
The hypothesis for this proposed study project was formulated following the literature

review and thorough review of the interested site. The hypothesis is:
▪

The production facility depends largely on import of commodities from other countries,
therefore resulting in higher contribution of the importation process towards the overall
related environmental impacts.

6

Chapter 2: Literature Review

2.1 Water Supply in Madagascar
‘Ranontsika Bottled Water Supplier’ (discussed later) is a social enterprise project initiated
in Toamasina (formerly known as Tamatave), Madagascar (Figure 2.1). Madagascar (officially
called the Republic of Madagascar and previously known as the Malagasy Republic) is an island
country in the Indian Ocean, off the coast of Eastern Africa (UN Subregion) (Figure 2.1). It is the
world’s second largest island country covering an area of 587,713 km2 (IMUNA, 2019).
Madagascar is regionally grouped as a country located in sub-Saharan Africa and is
officially listed as a least developing country (LDC) (WHO/UNICEF, 2019). Reliance on external
funds for financing capital investments and sustainable development is an essential component of
a LDC. As a corollary, this dependency has a significant impact on the ability of these countries
to achieve SDGs and related targets (UNCTAD, 2019). Additionally, Madagascar with challenges
like ongoing urban growth, lack of infrastructure and resources, distant location, and economic
scarcity has an overdependence on import of commodities from other countries, similar to that of
difficulties faced by other island nations (IYNF, 2018).
Given that the country has limited capital resources, its economy relies primarily on the
import and export of commodities which is a significant source of vulnerability. The country
largely relies on countries like China (18.7%), India (9.3%), France (6.4%), South Africa (5.6%)
and UAE (5.3%) (2017 est.) for importing essential commodities, such as capital assets, crude
petroleum, foodstuffs, and consumer products to the island (CIA, 2021; UNCTAD, 2019).
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Therefore, the lack of economic security and higher expenditure on commodities restricts the
country’s self-development. The current change in global climate and economic situations should
be aggravated over the coming years, as all of the small island states or similar countries will
require support to help them assess and overcome their resulting losses and damages (UN ECA;
CIA, 2021).

Figure 2.1 Maps showing location of Madagascar island and Toamasina city, where the facility
to be studied is situated. Reprinted from https://www.cia.gov/library/publications/the-worldfactbook/maps/MA.
Madagascar’s overall energy balance demonstrates that 80% of its energy consumption is
from biomass (usually 68% firewood, 10% charcoal and 2% other biomass), 17% on petrol (mainly
used for transportation), 2% on electricity (provided by hydropower and diesel power plants) and
1% on coal. As of today, all of the petroleum products are imported (Energypedia, 2020). This has
8

led to a shift towards other potential sources of energy, like hydropower stations and solar power
plants. Noted that since 2011, Madagascar has shown some positive progress towards utilization
of renewable electricity, with an increase of almost 5% over the decade (Macrotrends, 2017).

2.2 Life Cycle Assessment
Along with the rising environmental awareness, more and more industries and businesses
are assessing impact of their activities on the environment. Therefore, assessing environmental
performance of the products and processes has become important, for which companies are
exploring practices to mitigate their effects on the environment. One such tool to perform these
assessments is LCA. The LCA tool considers entire life cycle of a product or service (Curran,
1996; Vince et al., 2008).
Life cycle thinking helps one to understand and assess the potential trade-offs across
various environmental and human health indicators such as energy used, carbon footprint or solid
waste production by tracing the entire material and energy exchange with the surrounding
environment. These trade-offs can be computed using LCA and in order to effectively portray the
impacts throughout the life cycle of a product, process or system, the environmental impacts
related with all life stages must be considered (Mihelcic & Zimmerman, 2014).
Accordingly, LCA is considered as a “cradle-to-grave” approach for evaluating the
systems. “Cradle-to-grave” enumerates the whole life of the product, beginning with gathering of
raw materials from the earth and ends at the end of the product’s life. An LCA evaluates the
environmental impacts of all the stages involved in product’s life, considering that they are all
independent and interconnected with each other. It assists in estimation of the environmental
impacts and potential impacts resulting from all stages of the product’s life cycle; therefore,
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providing an accurate scenario of the true environmental trade-offs involved in product and process
selection (SAIC & Curran, 2006; Guinée et al., 2011).
Life cycle thinking helps comprehend the outcomes of the product consumption and
ongoing activities on the environment. It takes into consideration, the execution of the product,
process or system, initiating from extraction of raw materials to upgrading those materials into
products via manufacturing processes. The analysis is generally assessed in stages, typically
referred to as the life cycle stages, which for the product LCA are as follows: (a) raw material
extraction; (b) manufacturing and processing; (c) transportation; (d) usage and retail; and (e) waste
disposal (Ecochain, 2020). Therefore, life cycle thinking assists in minimizing the possibility of
impacts getting shifted from one life cycle stage to another by taking into consideration the entire
system. In addition, the information provided by an LCA accounts for the full environmental
impacts of decisions, especially considering those that occur outside the working site but are
directly impacted by the selection of the products or processes (Mihelcic & Zimmerman, 2014;
SAIC & Curran, 2006).
LCA is a widely accepted methodology for analyzing the potential environmental impacts
of each and every life cycle stage (Igos et al., 2014). The LCA process is a systematic, phased
approach and consists of four components: (a) Goal definition and scoping; (b) Inventory analysis;
(c) Impact assessment; and (d) Interpretation as illustrated in Figure 2.2.
The first step in performing an LCA is Goal Definition and Scoping. It comprises of
defining and describing the product, process or activity, and establishing the perspective on the
basis of which it would be assessed. It also includes identifying system boundaries, environmental
effects, and issues or concerns to be reviewed for the assessment. Another thing that needs to be
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addressed at this step is to define the function and functional unit. The functional unit serves as
basis for defining the system boundaries and the data conditions and assumptions made for LCA.

Figure 2.2 Four major phases of LCA Framework. ©ISO. This material is adapted from ISO
14040:1997, with permission of the American National Standards Institute (ANSI) on behalf of
the International Organization for Standardization (ISO). All rights reserved.
Once the goal, scope and functional unit have been defined, the next step in an LCA is to
create a flow diagram for the process of the interested system and conduct an Inventory Analysis.
This step includes illustrating and quantifying all the inputs and outputs, mainly comprising
energy, water and materials usage and its environmental releases (e.g., air emissions, solid waste
disposal, waste-water discharge, etc.). It begins with the understanding of origin of the product,
getting to know its composition, where those materials came from, where did they go, and the
inputs and outputs related with the component throughout its entire lifetime. Also, including the
inputs and outputs during the product’s use is an essential element of this step (Mihelcic &
Zimmerman, 2014; SAIC & Curran, 2006). Figure 2.3 demonstrates the inputs/outputs that can be
considered in an LCA.
11

Figure 2.3 Essential phases and ordinarily examined inflows and outflows in the life cycle
inventory analysis. Reprinted from “Life cycle assessment: Principles and practice,” by SAIC &
Curran (2006), USEPA.
The third step in an LCA is to perform an Impact Assessment. This step includes
discovering important human and ecological impacts of energy, water, and material usage along
with their related environmental releases identified in the inventory analysis. In this step, the
environmental impacts across the product life cycle are grouped into sections. These
environmental impacts might include indicators like water use, energy use, global warming
potential, and carbon footprint. This step also offers making some assumptions regarding the
human health and environmental impacts resulting from the emissions.
The final step of an LCA (Interpretation) is a process of evaluating the results of the
inventory analysis and impact assessment to decide on the preferred product, process or service
with a better understanding of the uncertainty and assumptions used for generating the results.
Ultimately, an LCA can provide decision makers with insight into the opportunities for improving
12

the environmental impacts of the product, process or system; helps to avoid shifting the
environmental problems form one place to another; and to select the product or process that yields
least impact on the environment and human health (SAIC & Curran, 2006; Igos et al., 2014).

2.3 Sustainability Indicators for LCA of Water Supply System
Environmental sustainability can be stated as utilization of natural resources in such a
manner that it does not cause any harm to the environment (Environmental Concerns, 2019). The
environmental sustainability of a system is generally described in the terms of environmental
sustainability indicators. These indicators tends to measure the progress of the project or work
towards accomplishing the goal of environmental sustainability. Two such indicators commonly
used for assessing the environmental sustainability of a small water supply system are carbon
footprint and embodied energy.
2.3.1 Carbon Footprint
Carbon footprint accounts for the total greenhouse gases (GHGs) released into the
atmosphere during the process of manufacturing a product/material. It is defined as the sum of
individual GHG emissions, comprising of carbon dioxide (CO2), methane (CH4), nitrous oxide
(N2O), and other GHG emissions expressed in carbon dioxide equivalents (CO2-eq) by converting
non CO2 emissions (e.g., CH4 and N2O) through their global warming potential (GWP) (Cornejo
et al., 2014; Pikhola et al., 2010). The U.S. Environmental Protection Agency (EPA) defines
carbon dioxide equivalent as the number of metric tons of CO2 emissions, equivalent to the GWP
as one metric ton of another GHG (http://bitly.ws/awBy). For example, the GWPs of three
common GHGs are 1 for CO2, 25 for CH4, and 298 for N2O (Pikhola et al., 2010).

13

For the evaluation of the overall environmental impact, the electrical consumption in the
manufacturing process is important (Friedrich et al., 2009). Furthermore, research indicates that
energy use is a decisive factor as well, accounting for approximately 68-92% of the total carbon
footprint of the water reuse facilities (Cornejo et al., 2014; Stokes & Horvath, 2009). The carbon
footprint also varies considerably with the type and level of treatment used for processing water at
the facility.
2.3.2 Embodied Energy
Embodied energy (Ee) can be defined as overall estimated energy required for the
production of one unit-mass of a particular material, comprising of energy incorporated in
extraction of natural resources and raw materials, manufacturing, and transportation of the finished
products (https://ofmpub.epa.gov/). It has been described as the explicit or implicit energy required
for generation of individual volume of treated water and the energy incorporated in the product
itself (Santana et al., 2014), and can be mathematically expressed as Equation 2.1 (Leary, 2011).

𝐸𝑒 =

∑ 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

[2.1]

When determining the facility’s evaluation for the overall embodied energy, the direct
energy must be considered. This is the local energy consumption that is evaluated on the basis of
electricity and fuel utilization from the pumping and treatment systems of a potable water supply.
In addition, there is indirect energy, the energy spent off-site mainly linked with the required use
of chemicals for treatment and commodities and their associated manufacturing, transportation,
and operation (Santana et al., 2014). This may be important because energy demand is not simply
in association with the production but to the shipping of the required goods and supplies as well
(Mo et al., 2011).
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Furthermore, a study indicated that the carbon footprint and energy analysis might require
defining organizational borders, which includes setting-up clear boundaries specifying the parts of
organization that incorporates facilities that determine the sources of emissions that are to be
quantified (Gao et al., 2014). The input sources must be quantified because the input is known to
influence the majority of environmental implications (Friedrich et al., 2009).
Additionally, it is suggested that LCA studies employed for examining environmental
concerns of potable water distribution systems, shall consider all of its typical operations on an
annual basis. The input and output inventories must comprise of monthly consumption of land,
water, energy, and materials, as well as related soil, water and air emissions. Also, the data related
to main unit processes, energy inputs, manufacturing of chemical materials, specific energy and
material requirement, construction material, and transportation must be considered for calculating
overall environmental burdens (Landu & Brent, 2006).

2.4 Background Information on Pre-existing Studies Assessing Environmental Sustainability
of Water Supply Systems
There have been a bunch of research studies evaluating the environmental impacts of water
supply systems and technologies using LCA as a reporting system for quantizing ecological
consequences over the entire life cycle of product or process. An LCA administers the flow of
material and energy throughout the process and incorporates for the associated environmental
discharges. Furthermore, several research studies done in developed and low- and middle-income
countries associated with evaluation of environmental impacts of the water supply systems were
reviewed. The examination of subject related literature provided with relevant information and
observations, that assists this thesis research for assessing the trends of carbon emissions and
energy consumptions.
15

2.4.1 Research Performed in High Income Countries for Assessing Environmental Impacts of
Water Supply Systems
LCA has been employed for assessment of many water treatment facilities in Europe (e.g.,
Del Borghi et al., 2013; Godskesen et al., 2011; Barrios et al., 2008), Australia (Lundie et al.,
2004), and the U.S. and Canada (e.g., Jeong et al., 2015; Mo et al., 2011; Mo et al., 2018; Santana
et al., 2014; Stokes & Horvath, 2006; Bonton et al., 2012). Table 2.1 summarizes several important
research studies that utilizes LCA to assess the environmental sustainability of water supply
systems in parts of Europe, Australia and the U.S.
Table 2.1 Summary of representative literature assessing the environmental sustainability of
water supply systems in high-income countries.
Plant
Location

Water
Source

Plant
Size

Impact Categories
Considered

Province of
Quebec
(Canada)

SW

≈ 0.53
MGD

GWP (CO2eq/year), ozone
layer depletion,
carcinogens, mineral
extraction, human
health, resource
depletion,
ecosystem quality,
etc.

Sydney
(Australia)

SW
(river)

≈ 0.71
MGD

Total energy;
Climate change,
human toxicity,
aquatic ecotoxicity,
terrestrial
ecotoxicity,
photochemical
oxidant formation,
etc.

Software/
Evaluation
Tools
SimaPro
7.3 :
Impact
2002+

GaBi
Software

Results & Discussion

Study

Conv-GAC system
(0.68 kg CO2-eq) had
larger GWP impacts
than NF (0.05 kg CO2eq) primarily due to
use and manufacturing
of coal-based GAC;
NF plant (0.55
kWh/m3) has higher
electricity use than
conv-GAC (0.16
kWh/m3); Impacts of
operational phase ≈ 39 times larger than that
of construction phase
Tested water system
had overall energy use
(8,110 TJ/a) and
climate change (721 kt
CO2-eq/a);
Desalination had
highest GHG
emissions because of
coal-fired electricity
generation; Production
of chemicals had high
contribution to total
energy & climate
change (≈ 12%)

Bonton et
al., 2012

Lundie et.
al., 2004
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Table 2.1 (Continued)
Plant
Location

Water
Source

Plant
Size

New
Hampshire
(U.S.)

SW

0.75
MGD

California
(U.S.)

Imported,
desalinated
& recycled
water

≈ 7.24
MGD

Kalamazoo
(MI, U.S.)

GW

20.3
MGD

Amsterdam
(Netherlands)

Reclaimed
SW (canal
& polder)

≈ 21.71
MGD

Sicily (Italy)

Wells,
small
springs &
SW

≈ 27.5
MGD

Impact
Categories
Considered
Embodied
energy
(GY/year);
carbon footprint
(CO2-eq/year);
life cycle cost
(USD)

Software/
Evaluation
Tools
SimaPro 8.1 :
CED v1.09;
IPCC 2013
GWP 100a
v1.01

Air emissions
(SOx, NOx, PM,
VOC, CO)
(mg/FU); GWP
(CO2-eq/m3);
energy use
(GJ/FU)
Direct energy
(from pumping
or diesel use in
construction),
indirect energy
(from
production,
treatment &
transport)
(MJ/m3); GHG
emission (CO2eq/m3)
Environmental
impacts
(assessing each
single unit
process &
material);
Financial impact

WEST tool

GHG emission
(kg CO2-eq),
ozone-depleting
gas emission (kg
CFC-eq),
acidifying gas
emissions (kg
SO2-eq);
electricity
consumption
(kWh/m3)

GaBi 4.2
Software

Hybrid InputOutput
(I-O) based
LCA

SimaPro 5.1:
Eco-Indicator
99 method

Results & Discussion

Study

UV30 scenario had
lowest CED (417
GJ/year), GWP (21.2
Mg CO2-eq/year), &
cost ($0.25 million
USD); Operational
phase had most
environmental impacts
because of energy &
material consumption
Operation life-cycle
phase consumed most
energy with 56% to
90% for all sources;
Desalination facilities
had most emissions &
energy consumption
Tested facility requires
≈ 9.2 MJ/m3 energy for
water production; 30%
indirect and 70% direct
energy use; Energyrelated carbon footprint
≈ 1.7 kg CO2-eq/m3

Mo et.
at., 2018

Tested facility had an
environmental impacts
≈ 8.61 milli-Ecopoints/m3 of potable
water & financial
impact ≈ 0.1345
Euros/m3; Coagulation
& softening had
highest impacts
Desalination facility
had most (≈ 74%)
impacts of all; 94% of
GHG emissions was
contributed by utilities,
waste & transport,
while 6% by chemicals
for treatment plants

Barrios
et al.,
2008

Stokes &
Horvath,
2006

Mo et
al., 2011

Del
Borghi
et al.,
2013
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Table 2.1 (Continued)
Plant
Location

Water
Source

Plant
Size

Copenhagen
(Denmark)

GW,
desalinated
water

≈ 31
MGD
(for the
entire
city)

Tampa
(Fl, U.S.)

SW (river)

≈ 68
MGD

Atlanta (GA,
U.S.)

SW (river)

≈ 83.36
MGD
(for the
entire
city)

Impact
Categories
Considered
GHG emission
(CO2-eq/m3),
toxicity, nutrient
enrichment,
acidification,
energy
consumption
(kWh/m3)
Operational
embodied
energy- Direct
energy (onsite),
Indirect energy
(offsite)
(MJ/m3); TOC,
TON, turbidity
& conductivity
GWP (CO2eq/m3); Ozone
depletion, smog
formation,
acidification,
eutrophication,
ecotoxicity,
fossil fuel
depletion

Software/
Evaluation
Tools
GaBi 4;
SimaPro;
Ecoinvent
v.2.0

SimaPro 7

TRACI
v.2.1:
SimaPro
7.3.3
software

Results & Discussion

Study

GW abstraction has
least environmental
impacts whereas
desalination had most;
LCA must consider
impact of GW
extraction on
freshwater sources
Tested facility
embodied energy ≈
7.17 MJ/m3; 62.9%
direct & 37.1%
indirect; Influent
water quality was
liable for ≈ 14.5% of
total operational
embodied energy
GWP ≈ 1.97 kg CO2eq/m3; Input causing
68% of carcinogenic
effects was from
infrastructure
construction

Godskesen
et al.,
2011

Santana et
al., 2014

Jeong et
al., 2015

NOTE: BEES- Building for Economic and Environmental Sustainability; CFC- Chlorofluorocarbon; CO- Carbon monoxide; CO2eq/m3- Carbon dioxide equivalent per cubic meter; FU- Functional unit; GHG- Greenhouse gas; GJ- Gigajoule; GW- Groundwater;
GWP- Global warming potential; kt- Kiloton (metric ton); kWh/m3- Kilowatt hour per cubic meter; MGD- Million Gallons per
Day; MJ/m3- Megajoule per cubic meter; NF- Nanofiltration; NOx- Nitrogen oxides; PM- Particulate matter; SOx- Sulfur oxides;
SW- Surface water; TOC- Total organic carbon; TON- Threshold odor number; TRACI- Tool for the Reduction and Assessment
of Chemical and other Environmental Impacts; VOC- Volatile organic compounds; WEST- Water Energy Sustainability Tool

The underlying driver for most of this research has been the need to assess alternative water
sources based on water reclamation, desalinated sea water, and other additional stock sources. An
array of research papers were studied for identifying the constraints, concerns, data gaps, and
guidance prior to utilization of evaluation tools used for analyzing these supply sources. The
treatment technologies were examined by references of associated environmental impacts like air
or carbon emission and energy requirements.
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It was discovered through the list of research studies reviewed, that there have been certain
studies (Mo et. al., 2018; Jones et. al., 2019; Bonton et. al., 2012; Lundie et. al.,2004) completed
for small water supply systems (capacity < 1 MGD) in the high-income countries for assessing
their environmental sustainability. It was observed that most of the studies utilized LCA tools like
SimaPro and GaBi software for environmental sustainability evaluation, whereas one of the studies
opted an input/output (I/O) hybrid analysis for implementing energy assessment of a potable water
supply system.
Furthermore, it has been noted that all the studies considered embodied energy and GHG
emissions (GWP potential) as the life cycle environmental impact categories for the assessment.
Findings demonstrated that water treatment, recycling, and importation have a considerably lower
energy demand than desalination process plants (Mo et al., 2011; Stokes & Horvath, 2006; Del
Borghi et al., 2013; Lundie et al., 2004). It has also been observed that assessment of GHG
emissions holds a high-mark impact score in LCA and is primarily affected by energy use during
the operational life stage (Mo et. al., 2018; Bonton et. al., 2012; Godskesen et al., 2011). Other
leading sources of impacts are known to be type of electricity generation (i.e., carbon intensity of
the energy grid) and chemical consumption for plant manufacturing (Lundie et al., 2004). A few
studies also focus on incorporating infrastructure construction and demolition into the system
operation, because they too have an impact on ecosystem and resource efficiency. There are
notably larger implications of infrastructure, higher than that of the freshwater expenditure (Jeong
et al., 2015). For the purpose of accounting for influential impact sources, studies should account
for energy and chemical expenditure. Furthermore, the treatment processes accounting for the
highest contamination and its associated mitigating measures, should be included in environmental
assessment of a potable water supply system (Vince et al., 2008; Lundie et al., 2004).
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Studies have identified that the great diversity in range of recorded values is ascribed to
affecting factors namely instability in location, technologies, impact categories, parameters
examined, life cycle stages, and specific assessment tools. Thus, the carbon footprint and embodied
energy evaluation tools shall be enhanced by segregating the unit process emissions, and direct
and indirect emissions while potentially considering different resource recovery plans as well
(Cornejo et al., 2014). Because substituting or modifying treatment processes with use of
alternative chemicals and unit operations might minimize the impact of ongoing processes.
Likewise, utilization of green energy as a substitute to conventional energy might facilitate
lowering environmental impacts (Barrios et al., 2008; Santana et al., 2014).
2.4.2 Research Performed in Low- and Middle-income Countries for Assessing Environmental
Impacts of Water Supply Systems
Fewer research studies have been carried out that assess the environmental sustainability
of a water supply system in low- and middle-income countries (e.g., Aberilla et al., 2020; Friedrich
et al., 2009; Held et al., 2013; Homäki et al., 2003; Landu & Brent, 2006; Ren et al., 2013; Walsh
& Mellor, 2020; Garcia-Suarez et. al., 2019; Saad et. al., 2019). Table 2.2 summarizes the studies
that utilizes LCA for evaluating environmental sustainability of such systems.
Table 2.2 Summary of representative literature assessing the environmental sustainability of rural
water supply systems in low- and middle-income countries.
Plant
Location

Water
Source

Plant Size

South
Africa

SW
(reservoirs)

≈ 0.014
m3/person/
day

Impact
Categories
Considered
Energy use (MJ),
GWP (kg CO2eq), water use
(m3), PM
emissions (g
PM10, diameter
< 10µm), smog
formation
potential (g NOxeq)

Software/
Evaluation
Tools
Crystal
Ball
software:
Monte
Carlo
analyses

Results & Discussion

Study

Applied technology was
found to be
environmentally more
sustainable (for all
evaluated impacts
except for smog) & ≈ 6
times more
economically effective
than the existing
centralized systems

Ren et
al., 2013

20

Table 2.2 (Continued)
Plant
Location

Water
Source

Plant Size

Impact
Categories
Considered
Embodied
energy
(transport &
material
energy) (MJ
per FU),
human energy
(MJ)

Software/
Evaluation
Tools
Leontief
inverse
matrix (EIOLCA)

Mali, West
Africa

GW

≈ 0.02
m3/capita/day

Philippines
(relative to
Southeast
Asian
region)

GW, SW,
desalinated
water,
imported
water
(externallysourced
bottled
water)

≈ 0.54 m3/
four-person
household
/day

GHG
emissions (kg
CO2-eq/m3),
air pollution
(mg CFC-11
eq/m3),
eutrophication
&
acidification,
ecotoxicity,
resource
depletion,
human health.
energy
consumption
(kWh/m3)

GaBi v.7.3
software;
ReCiPe 1.08
method

Hanoi
(Vietnam)

SW (river),
bottled
water

≈ 0.74 m3/
four-person
household/
day

GWP (kg
CO2-eq),
nutrient
enrichment
(kg PO4-eq),
acidification
(kg SO2-eq),
photochemical
ozone
formation (kg
CsH4-eq), total
energy use
(GJ)

SimaPro 4.0
software

Results &
Discussion

Study

Interventions with
lower embodied
energies (117-139
GJ/FU) had lower
material input
requirement;
Human energy for
boiling water with
fuelwood (682 GJ)
was over 5 times
higher than others;
Female share of
labor accounted for
> 99% of total
human energy for
most interventions
over men’s
contribution
Tested facility had
GWP ≈ 20.1 kg
CO2-eq/m3 for
imported bottled
(18.9-liter) water;
SW had least
contribution to env.
impacts while
imported bottled
water had most;
Desalinating water
with solar power &
avoiding usage of
bottled water may
reduce impacts up
to ≈ 0.15 kg CO2eq/ m3/household
GWP (kg CO2eq/FU) for boiling
of tap-water (≈
8400), import (≈
4900) & public
supply (≈ 1500);
high-quality potable
water distribution
through public
supply & using
LPG as energy
source might
reduce overall
impacts

Held et
al., 2013

Aberilla
et al.,
2020

Homäki
et al.,
2003
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Table 2.2 (Continued)
Plant
Location

Water
Source

Plant
Size

Rosslyn
(Gauteng,
South
Africa)

SW
(river)

≈ 7,000
m3/day

eThekwini
Municipality
(Durban,
South
Africa)

SW
(Dam)

≈ 160,000
m3/day

Istanbul
(Turkey)

SW
(lake)

400,000
m3/day

Limpopo
Province
(South
Africa)

POU
(drinking
water)

Not
applicable

Impact
Categories
Considered
Air emissions &
GWP (CO2-eq
per FU, water
use, human &
terrestrial
toxicity, ozone
creation
potential,
eutrophication,
acidification,
mineral
depletion (kg
unit-eq)
GHG emissions
(CO2-eq/m3),
acidification,
eutrophication,
photochemical
oxidant
formation,
TOC, toxicity;
energy
consumption
(kWh/m3)
GWP (kg CO2eq),
acidification
potential, ozone
layer depletion,
human toxicity,
terrestrial
ecotoxicity, etc.

Software/
Evaluation
Tools
RII
approach
(LCIA)

Results & Discussion

Study

Potable water supply
systems have largest
impacts on water
resources (extraction)
(with at least a factor of
40) followed by land (at
least 4 times lower than
water) and air resources
(treatment & electricity
consumption)

Landu &
Brent,
2006

GaBi 3
software

Friedrich
et al.,
2009

GWP (kg CO2eq), water use,
energy use, land
use, smog
formation, PM

SimaPro
software

Tested facility had
GWP ≈ 27,561 kg CO2eq; Bottled potable
water had most
environmental burdens;
Recycling water with
maximum use of
existing assets is
environmentally more
stable than building new
infrastructure
Tested facility requires
≈ 0.57 kWh electricity
to generate 1 m3 potable
water; Electricity usage
was found to be major
source for high
environmental impacts;
Transportation of
chemicals to facility had
considerable
contribution to GWP
values depending on the
location of import
country
Boiling had highest
GWP (11,776 kg CO2eq), energy use
(1,025,820 MJ) mainly
due to utilization of
wood for heating the
water, smog and land
use; Chlorination had
highest PM and water
use mainly due to
production of required
chemicals

GaBi :
CML 2001

Saad et
al., 2019

Walsh &
Mellor,
2020
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Table 2.2 (Continued)
Plant
Location

Water
Source

Plant Size

India

Boiled,
bottled,
and RO
purified
water

Not
applicable

Impact
Categories
Considered
Climate change,
freshwater
eutrophication,
terrestrial
acidification,
fossil depletion,
photochemical
oxidant
formation

Software/
Evaluation
Tools
GaBi 6.4 :
ReCiPe
v1.8

Results & Discussion

Study

Bottled water had
highest related impacts
mainly due to
production and
transportation of bottles;
Water boiled with LPG
had higher impacts on
climate change and
fossil fuels than RO
purified water

GarciaSuarez
et. al.,
2019

NOTE: CO2-eq/m3- Carbon dioxide equivalent per cubic meter; GHG- Greenhouse gas; GJ- Gigajoule; GW- Groundwater; GWPGlobal warming potential; FU- Functional Unit; kg CO2-eq/kL- Kilogram carbon dioxide equivalent per kiloliter; kWh/kLKilowatt hour per kiloliter; kWh/m3- Kilowatt hour per cubic meter; MJ- Megajoule; mg CFC-11 eq./m3- milligram
trichlorofluoromethane equivalent per cubic meter; POU- Point-of-use; PM- Particulate matter; RII- Resource impact indicator;
SW- Surface water; TOC- Total organic carbon

Most of the studies summarized above utilize LCA as an environmental management
decision making tool. Many studies have evaluated the environmental impacts of the large-scale
urban water supply systems, but very limited studies focused on the small-scale water supply
systems. Given that, it was observed through the literature review that most studies employed LCA
evaluation tools and several used matrix and other RII approach for environmental assessment.
Similar to high-income countries evaluation scenario all of the studies, evaluated the facilities
while considering energy consumption and GHG emissions as principal impact categories.
Furthermore, it was noted that along with appropriate selection of life cycle inventories,
selection of the source of water and identification of potential pollution causing unit operations or
processes, all, influences the overall impact of the system. For example, results from several
studies showed that opting for desalinated sea water and externally sourced bottled-water as an
alternative for natural sources such as surface water and groundwater, result in the highest
environmental impacts (Aberilla et al., 2020; Friedrich et. al., 2009; Garcia-Suarez et. al., 2019).
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While examining the water systems with environmental LCA grades, one of the major
focus was for the impact category of global warming. It is an area of interest as, global warming
emissions are inextricably linked to the electricity consumption because it is the principal sponsor
that leads to major environmental impacts including climate change, global warming, acidification,
eutrophication, ecotoxicity, photochemical oxidant formation, resource depletion, toxicity (human
and terrestrial), ozone creation potential, and human health (Aberilla et al., 2020; Friedrich et al.,
2009; Homäki et al., 2003; Landu & Brent, 2006; Saad et al., 2019).
Furthermore, there have been studies that focused on studying the environmental impacts
of the point-of-use treatment technologies used in low- and middle-income countries. It was
estimated that boiling water with fuel had the largest environmental impact in comparison with
other treatment technologies like onsite-chlorination, and reverse osmosis purification. This was
mainly because of emissions generated and energy consumed in relation with the combustion of
fuel (Walsh & Mellor, 2020; Homäki et al., 2003; Held et. al., 2013).
Additional point of emphasis was the studies evaluating the impact of embodied energy,
that incorporates for energy in materials and energy expended by humans, utilized the economic
input/output (I/O) based models incorporated with LCA. The total embodied energy quantifies for
total direct and indirect energy expended during the production and usage of the intervention.
Additionally, the human embodied energy involves energy spared by a person while performing
physical labor work like lifting water bucket or collecting raw-materials. Human energy being of
critical importance, has not been encountered by analysis related to the low- and middle-income
countries. And the material embodied energy can be analyzed by measuring the overall energy
spent as part of entire life cycle of the product or service (Held et al., 2013; Ren et al., 2013).
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2.5 Knowledge Gaps, Key Constraints, and Limitations of Existing Research
Following the completion of literature review, a significant knowledge gap was identified
that there have been some studies addressing small-scale water supply systems (capacity < 1
MGD) performed in the high income countries and comparative studies performed for assessing
different point-of-use or specific treatment technologies. However, limited research has been done
on the environmental assessment of a small potable water production facilities in low- and middleincome countries. Also, notably there has not yet been any research done for estimating
environmental implications for provision of water in developing island countries that are heavily
dependent on importation of chemicals and materials used for operation. There have been some
studies that draw attention towards considering the role of infrastructure in causing emissions into
environment, however, the precise application and importance remains unspecified. Therefore, this
study focuses on evaluating the environmental sustainability of a small drinking water production
facility in developing island country of Madagascar.
Furthermore, in terms of utilization of the LCA software, there have been several predefined processes and assemblies within available database inventories focusing on the unit
operational processes, services, and electricity production for the systems in advanced countries
(e.g., Asian and European countries, and the U.S.). However, these process have lacked defining
an arrangement for performing environmental sustainability of downscaled projects in developing
countries (e.g., countries located in sub-Saharan Africa). Therefore, users are required to create
new processes that are specific to the operation and location of the facility, especially for systems
operated in low- and middle-income countries.
Some key constraints identified with the creation of new processes are attaining uniformity
for selecting critical stages required for a detailed evaluation of the system/process with
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insufficient data available for the system. At times, data acquisition happens to be the most
prolonged process in an LCA as it requires a large amount of time and effort for receiving true
data, specific to every life cycle stage and unit processes involved (Landu & Brent, 2006).
Additional factors such as difficulty in finding data tends to influence the data quality. At times,
security issues prevent full transparency of the information recorded for the water supply systems.
Importantly, the absence of sufficient data recorded by a facility has been suggested to influence
the overall quality of study analysis (Stokes & Horvath, 2006). Additionally, the scarcity of data
also affects the design of site-specific or process-specific evaluation matrix, developed for
assessing critical areas and unit operations of a water system.
Another key constraint identified for input data is the information required for analysis,
which varies widely with respect to the hybrid tools and other specific tools. Because many studies
recommend utilizing hybrid LCA tools for extensive analysis, there is a demand for a considerable
amount of data inputs because the hybrid tool takes in a large range of impact categories (e.g.,
electricity use, material energy, transportation energy, air emissions, and distinct process
emissions). A few analyses are required to evaluate every process step involved in the supply
system and thus make it difficult to collect data, especially for the energy consumption share for
every specific unit operation and processes (Cornejo et al., 2014).
Despite of the advancements made for providing access to safe drinking water to fulfill
SDG 6 , many urban and rural water supply systems repeatedly fail to deliver safe drinking water
to the residents. Reasons might include the socio-economic, financial, and technical factors faced
by the systems (Jones et al., 2013). Also, it has been emphasized in the literature that the
sustainability of a water system is primarily guided by factors like investment cost, operation cost,
operator capability, material availability, technical support, and institutional management
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(Masduqi et al., 2010). Along with these factors, a few life cycle characteristics like system age,
maintenance time period, and plumber wages have great influence on the sustainability of water
systems in developing world settings (Schweitzer & Mihelcic, 2012). Accordingly, it is suggested
that the forthcoming evaluation tools shall be flexible for providing access to individual unit
processes with sufficient input data, along with better data availability within the specified time
constraints for data collection and provided processes defined for both high income as well as lowand middle-income countries.

2.6 Environmental Sustainability Indicators Comparison for Groundwater and Surface
Water Supply Options
There have been several studies that compared the environmental sustainability of two
major sources of potable water supply, namely groundwater and surface water. With reference to
the sustainability indicators considered and impact categories estimated, preferences for the supply
sources are specified. Beginning with the first, on the basis of estimated unit operation and
maintenance costs, groundwater is considered as an advisable alternative over surface water. this
is because surface water supply systems have higher energy consumptions due to wider application
of chemicals. However, groundwater supply systems generally have a better influent raw water
quality and require less or no treatment because the soil layers acts as filters for the water, that
constrains some particulate and microbial contaminants (if present) from entering the aquifer.
Whereas surface water is typically low in quality due to its exposure to various pollutants and
contamination occurring around requires large quantity of chemicals for water conditioning. It
requires chemicals for the treatment processes like coagulation, pre-ozonation, disinfection, and
others. And the process of production of these chemicals is energy-consuming and cost-effective,
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therefore raising the overall unit operation and maintenance expenses and contributing to larger
indirect energy demand of the system (Mo et al., 2011; Jones et al., 2012; Santana et al., 2014).
On the contrary, based on the direct energy consumption, i.e., the energy employed for
construction, operation, and other machinery work; surface water is generally recommended as a
suitable option over groundwater supply source (Mo et al., 2011). This is because raw groundwater
needs to be extracted from the underground aquifers, typically by digging wells, which might be
hand dug or drilled, mostly armed with pumps. For large suppliers, water is extracted out of the
wells or boreholes using diesel powered pumps or hand pumps, ultimately resulting in heavy
pumping requirements or construction of long pipelines system for water supply (Jones et al.,
2012); therefore, increasing the overall direct energy consumption related with the water supply
system.
Overall groundwater can be viewed as a sensible option, if the extraction processes are
practically feasible and are cost-effective, because it is often equipped with pumps. It is generally
free of pathogenic bacteria and might have high mineral content as well. Besides groundwater,
from the perspective of sustainability and public service, using treated surface water from rivers,
ponds, streams, and wetlands, as a source of drinking water can also be preferred as a potential
source of water. The collection of surface water can either be manual or through pumps. However,
all surface water supply options require treatment, principally for microbial contaminants (Jones
et al., 2012). Given that, comparisons have been done over a set of choices for the water supply
system as well. Desalination of seawater energized by electricity (mainly through diesel) had
higher impacts than surface water, which was restrained by the imported bottled water, that ended
up being the worst choice having highest environmental impacts. The imported bottled water had
highest impacts because it accounts for the production of plastic bottles or containers required for
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packaging and storing of potable water. However, it was proposed that utilizing solar power for
producing desalinated water and eliminating bottled water utilization would help reducing damage
caused to the environment, by almost 33-99% (Aberilla et al., 2020).
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Chapter 3: Methods

3.1 Overview of the Madagascar Water Production Facility
Ranontsika (https://www.facebook.com/Ranontsika-1520169244961992/) is a locally
established water supplier that intends to improve public health in Madagascar by promoting
access to high quality drinking water through development of a service model. Figure 3.1 shows a
photo of the production facility. The water system studied for this research is a water processing
plant that supplies approximately 20 m3/day of high quality, packaged potable water. The facility
extracts at most 23 m3 of groundwater for daily production, further depending on the seasonal
water demand, using solar pumps (LORENTZ PS2-150 C-SJ5-4), that are imported from
Germany. Because the water is extracted directly from the ground, there is no need for it to be
clarified. Therefore, the pumped groundwater is directly sent for treatment.

Figure 3.1 Front view of the facility and loading-unloading driveway access for the containers.
Reprinted with permission from Ranontsika.
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The treatment initially begins with microfiltration, where the water is passed through a set
of melt-blown polypropylene (MBPP) sediment filters. Each filtration component has one of each
60, 10, 5 and 1 µm filters that are imported from China. The filtration process removes most of
microorganisms, primarily bacteria and all of the other suspended particles present in the fluid.
Microfiltration acts as prefiltration of water which is required for removal of color and turbidity
causing particles that tend to shield microorganisms from disinfection. After filtration, the water
is disinfected using ultraviolet (UV) radiation, where it is passed through a COMAP UVc reactor.
Each component has a 36-W UVc reactor that is powered by solar batteries and panels, purchased
from COMAP group (France).
The facility is assisted with two main treatment and production lines, each with four filters
and one UVc reactor connected in series. After passing through filtration and disinfection units,
the water is then treated with a granulated activated carbon (GAC) filter filled with Oxpure carbon
(OXPURETM 830B), imported from the U.S. This filter removes chemicals that may impart
unpleasant taste and odor to the water. Finally, the water is packaged in recycled 20-liter high
density polyethylene (HDPE) containers, which have been cleaned and disinfected. The packaged
water is then transported by truck to kiosks that are managed by local entrepreneurs who sell the
product to the community. The overall layout of working operation of the water supply system is
presented in Figure 3.2.
The following paragraphs discuss the treatment processes in greater depth. Beginning with
microfiltration, which is a category of membrane filtration. Membrane filtration can broadly be
defined as “a process of separation of suspended particles (usually dispersed solid phase) from a
liquid phase by passing the solution through a porous medium like membranes or organic media”
(Crittenden et al., 2012a). Microfiltration is a pressure-driven separation step that has wide
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application in purifying or separating macromolecules and in removal of other targeted solids like
sediments, algae, bacteria, protozoa, viruses, or colloids (Charcosset, 2012). The micron filters
used by the studied facility range from 60, 10, 5, and 1 µm and filters within this retention rating
are capable of removing sand, silt, clays, and retaining of microorganisms mainly bacteria and
protozoan structures. Therefore, microfiltration can be stated to be a crucial step in primary
disinfection of untreated water. Furthermore, it also removes turbidity, organic matter, and
pathogens, which might result in significant reduction of chemical addition, as such in the process
of chlorination (Crittenden et al., 2012a).

Figure 3.2 Plant layout of Ranontsika, showing two main recycling and production lines.
Reprinted with permission from Ranontsika.
UV disinfection employs UV light with a wavelength between 100 and 400 nm and has the
characteristic of readily reacting with nucleic acid present in the target organisms. These nucleic
acids are present either in the form of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA).
UV light tends to damage the DNA strands, consequently inhibiting the transcription of the cell’s
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genetic code and later its reproduction (Crittenden et al., 2012b). Disinfecting water with UV light
is proven to be an effective approach because it requires a limited amount of energy for its
execution and has low maintenance requirements. In addition, UV rays are also capable of
destroying up to 99.99% of harmful microorganisms solely, without addition of any kind of
chemicals (Crittenden et al., 2012b). The facility uses 36-W UVc reactors which are powered by
two 150-Ah, 12-V solar batteries and four 100-W solar panels. The reactor comprises of UVc
(Philips 36 W TUV PL-L) lamps, all of which is imported from France.
The GAC system utilizes OxPure granular activated carbon (OXPURETM 830B) which is
produced from coal through a high temperature steam activation process under stringent quality
control. It has high mechanical hardness, fair surface area, good pore volume, and a decent
chemical stability that makes it a good alternative for quite a bit of liquid phase applications
(https://bit.ly/3p9odEW). GAC is typically used for removing trace contaminants and dissolved
organic carbon (DOC). The principal mechanism accountable for the organic’s removal is physical
adsorption of the impurities on the carbon surface (Crittenden et al., 2012c). The facility imports
the GAC filter media from Puragen Activated Carbon (U.S.). A summary of the overall treatment
system is shown in Figure 3.3.

Recycled
Containers

Groundwater
Extraction

Microfiltration

UV
Radiation

GAC
Filter

Refill
(20-liter)

Figure 3.3 Process flow diagram for the treatment system at facility.
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Once the water has been treated entirely, it is filled into recycled 20-liter HDPE containers
which are then sealed for avoiding any further contamination. The containers that are used for
packaging water are originally produced in Toamasina, by developers to initially package
vegetable oil. When, the grocers purchase the oil, they transfer it in large barrels and distribute or
sell it locally. The empty containers are then sold in a wholesale market to collectors, which are
bought by the production facility. Therefore, before filling it with treated water, the containers are
formerly cleaned and disinfected. The containers then get filled with treated water, go out to the
consumers and returns for refilling. The recycling of containers facilitates in zero plastic
production into the environment by the facility. So far, the facility have refilled over 100,000
containers. All of the containers are initially cleaned both within and outside with locally
manufactured liquid dish soap and are disinfected using calcium hypochlorite (HTH) (imported
from China), after their initial purchase and after each reuse. Furthermore, the containers are
cleaned with sodium bicarbonate to eliminate taste and odor of plastic and oil residue, only after
the initial purchase. The overall cleaning and refilling of water containers is shown in Figure 3.4.

Figure 3.4 General cleaning and disinfection of recycled containers and refilling of cleaned
containers with treated water. Reprinted with permission from Ranontsika.
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After the containers are cleaned and disinfected, they are filled with treated water and
enclosed with a 55-mm aluminum seal that is applied by 1,000-W induction sealer equipment,
sourced from China. Then the containers are covered with plastic caps for avoiding any further
spillage. In the end, a small paper label (3.5 * 25 mm) is glued onto the containers, which is printed
locally in a nearby printing shop. The whole recycling process of the used containers is
summarized in Figure 3.5.

Collection of
used 20-liter
Oil containers

Cleaning &
Disinfection
of containers
with soap &
chlorine
respectively

Treated water
filled in cleaned
containers

Enclosing
containers with
Al seal &
plastic cap

Labelling of
filled
containers

Figure 3.5 Process flow diagram for recycling of used oil containers for packaging treated water.
Finally, the packaged water containers are loaded onto a 5-ton truck which then delivers
them to the water kiosks, where potable water is sold by the local entrepreneurs. The residents can
purchase either new water containers or get them exchanged with empty used containers at the
kiosks (Figure 3.6). The emptied containers are then returned to the production facility for cleaning
and reuse.
The facility is primarily powered by solar panels. The panels require biannual cleaning and
replacement of the inverter over the years. The studied production facility has installed ten 100-W
panels (Figure 3.7) and four 150 Ah - 12 V solar batteries. The groundwater pumping system is
powered directly through panels, while the disinfection pumps, displacement pumps and UVc
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lamps are all battery (solar) powered. Also, the system is assisted with a 3.5 kVA backup gasoline
generator which is used to supply power at the times when sunlight is insufficient and is mainly
used to power induction sealing and other energy needs.

Figure 3.6 Storage and sales of packaged water containers at one of the local kiosk. Reprinted
with permission from Ranontsika.

Figure 3.7 Installation of solar panels at the facility for production of electricity using sun’s
energy. Reprinted with permission from Ranontsika.
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Concurrently, the qualitative monitoring of raw groundwater from source wells and treated
water from the supply system is performed weekly at the laboratory. Water quality audits of four
newly delivered containers at kiosks are also performed weekly. A few specifications such as
appropriate collection status, sealing status, and taste and smell are usually inspected at the field
site during packaging. The collected water samples are tested for parameters such as pH,
conductivity, TDS, turbidity, temperature, odor, sulphates, nitrates, heavy metals, and coliforms
in a laboratory located at the main office. Most of the required testing reagents are imported from
other countries. The photometer reagents for conducting Palin test are believed to be sourced from
the United Kingdom (UK) and some chemicals are imported from the largest city in Madagascar,
Antananarivo. Furthermore, membrane filters are tested for determining microbial contamination.
Tests are performed weekly, for which the necessary materials and chemicals are believed to be
sourced from suppliers in Neogen, Michigan. Overall, the facility works with several suppliers for
chemicals depending upon efficiency of the tests and results.

3.2 Materials and Methods for Performing LCA
The study uses SimaPro (https://simapro.com/) as an LCA tool used for the evaluation and
the study follows methodological framework with reference to the International Organization for
Standardization (ISO) regulations. The execution of LCA modelling simply begins with goal and
scope definition, followed by inventory analysis, impact assessment, and interpretation.
3.2.1 Definition of Goal and Scope
The primary goal of this study is to evaluate the environmental impacts of the product,
processes, and technologies currently functioning for the production of potable water at the water
facility. From an industrial perspective, this understanding can contribute to improved
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environmental sustainability of the water supply system through better plan, practice, and
operation. Furthermore, it offers a baseline for comparing the assessment results, in terms of
environmental burdens and water quality, with other small water supply systems in developed
countries like the U.S. and others in low- and middle-income countries as well.
3.2.1.1 Functional Unit Selection
The function of the studied facility is to provide high quality potable water. Currently, the
facility produces 20 m3/day of packaged potable water. Therefore, the functional unit (FU) was
chosen in relation with the facility’s daily water production rate (i.e., 20 m3 of drinking water
produced) with the at-present day deliverable quality and quantity, over the course of 20 years.
Furthermore, the results were normalized to 1 m3 of drinking water produced for the ease of
comparing results with other studies.
3.2.1.2 Initial System Boundaries
The system boundary defined for this study includes the following stages of the product
life cycle: raw material acquisition, production, transportation and importation, operation, and use
of recycled materials and energy. The construction and demolition of basic infrastructure and endof-life assessments were not included within the system boundary. Typically for such analysis, the
system boundary emphasizes the processes involved in the treatment of the water, recycling of
containers, and water supply (Figure 3.8). The process of extraction and displacement of
groundwater for water production was also not included within the system boundary, based on a
previous research study which indicated that the diesel fuel pumps have a much larger contribution
to the environmental impacts (≈ 70% to human resources and 12% to climate change) in
comparison with the solar pumps (≈ 1.5% to human resources and 3% to climate change)
(Armanuos et al., 2016). Furthermore, another research has shown that operation of the solar
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pumping systems is a good alternative for reducing overall carbon emissions, however production
of the photovoltaic (PV) module ends up being a potential source of emissions. Indeed, the
production of PV module contributes to almost 43.45% of CO2 emissions, along with engineering
and planning, and irrigation system as additional sources (Yang et al., 2014). Therefore, the
environmental impacts related to the process of pumping and displacement of groundwater for
treatment was not considered while emissions related to the production of PV modules were
evaluated and included within the system boundary. Additionally, the utilization of solar powered
pumps for extracting water were considered to be quite reliable and therefore the utilization of
fossil fuel powered pumps as an alternative was not expected.

Figure 3.8 Basic processes and operations involved in production of potable at the facility.
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Additionally, the environmental impact associated with importation of the solar pumps
(Germany) was also included within the system boundary, along with the transportation of all of
the materials/assemblies, utilities, machinery, and equipment to the production facility. Because
the facility is located in Madagascar, it depends on other countries for import of most of the
required commodities. Furthermore, the impacts related with the servicing and maintenance of the
assemblies and equipment were incorporated within the inputs required for that specific system,
over the period of 20 years (as defined in the FU).
3.2.2 Life Cycle Inventory
The detailed data affiliated with the system studied, comprising of data like raw materials
utilization, wastewater generation, energy consumption, water utilization, and other chemical
requirements (i.e., foreground data); was collected through conversations with Ranontsika and
information provided in their system manuals and annual reports. On the other hand, the
background data, meaning the general data required for basic management arrangements, was
acquired from accessible databases and libraries offered in SimaPro version 7.3.3 (PréConsultants,
2020). For the most part of background data, the Ecoinvent 2.2 databases and input-output
databases for products and services from the energy, transport, chemicals, and materials were used.
Note that, the life cycle inventory created for the system does not account for the end-of-life
assessment of the evaluated processes. However, most of the available inventory selected for the
assessment are inclusive of the end-of-life disposal and treatment systems. A detailed explanation
of the life cycle inventory data collection methods for the major sections involved in the overall
production system; namely, water treatment, recycling, delivery, and electricity generation is
provided in the following subsections.
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3.2.2.1 Water Treatment
The process of water treatment initially begins with extraction of groundwater using the
solar pumps. The impacts related to the extraction process were not included within the defined
system boundary, only the transportation of solar pumps to the production facility was considered.
The facility utilizes two solar submersible pump systems (Lorentz PS2-150 C-SJ5-4), imported
from Germany. The entire pump system is comprised of four units; controller, pump unit, pump
end, and the motor (https://bit.ly/3dQInjD). The author tried contacting the manufacturer but was
unable to receive a detailed list of materials for the production of pump system. Therefore, the
production of the solar pump units was estimated on the basis of the input-output database
inventory, which requires price of the unit as an input. Therefore, the cost of the entire pumping
unit system i.e., 2,711 USD2020 (≈ 1,837.72 USD2002) was entered as input. A detailed inventory
with specified input assemblies and processes selected for the evaluation of treatment system is
included in Appendix D – Table D.1, under the section “Treatment of water – Solar pumping unit”.
The entire solar pump system has an estimated life expectancy of 20 years, with basic monitoring
and cleaning of the units, not requiring replacement of entire unit within the defined time frame of
20 years (reference Appendix B – Table B.3).
For the evaluation of impacts related to the transportation of materials and assemblies via
ocean travel, the Ecoinvent database element for “Transport, transoceanic freight ship/OCE S”
was used which required an input of the freight travel distance in the terms of kilogram-kilometer
(kg-km), which is basically the product of total load carried (kg) and the total distance covered
(km). In terms of data for the mass of imported material transported to the facility, this information
was either provided by Ranontsika or was estimated through the supplier’s website. Furthermore,
for the input of total distance covered, the distance from the closest port to the manufacturing
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industry, to the port of Toamasina, was estimated, through ports.com (http://ports.com/). The
ground transportation travel distance between the port of Toamasina and facility is 1.6 km and was
therefore assumed negligible in comparison with the sea travel distance. The input quantity for the
transport process was then added in terms of kg-km. A similar procedure was followed for
estimation of impacts related with transportation of essential material/assembly and equipment for
the overall operation of the facility. A detailed table with the list of input calculations done for all
materials and equipment in terms of load carried, location of importation country, and estimated
travel distance is included in Appendix B (Table B.2).
The treatment of pumped groundwater begins with the process of microfiltration, where
the water passes through a series of polypropylene sediment filters. For the evaluation of impacts
related to the production of microfiltration unit comprising of filter housing and filter cartridges,
new processes were created for each within SimaPro. On the basis of the data provided by
Ranontsika, it was known that the facility utilizes melt-blown polypropylene (MBPP) sediment
filters and therefore polypropylene fibers were selected as an input material along with the
selection of the process of melt blow molding for the production of microfiltration cartridges. The
input for transporting the filter cartridges to the facility and its disposal after utilization was also
included within the defined process. Furthermore, it is recommended that for water systems with
groundwater as a primary water source, the filters must be replaced every 3 - 4 months (Cutolo,
2021). Therefore, on the basis of provided data and calculations performed, it was considered that
the filters were changed three times in a year, totaling to a requirement of 36 filters per year for all
the 12 units at the facility.
Additionally, another process was created for accounting for the production of
microfiltration housing units, materials (PET bottle grade plastic), processing (injection molding),
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and transportation (China) for each unit were entered as input. Considering the fact that the filter
housings are installed once and with further utilization there is requirement to change only the
filter cartridges, an estimation was done for production of the twelve filter housing units utilized
at the facility. A detailed inventory with list of materials, processes, and input values selected for
the production and importation of microfiltration cartridge as well as the filter housing unit is
included in Appendix D (Table D.1), under the section “Treatment of water – Microfiltration”.
Thereafter, the water is passed through a UVc radiation unit for the purpose of disinfecting
inlet water with UV rays. In total the facility has six UVc units, each unit is comprised of a UVc
reactor, control box, and filter housings. Furthermore, the UVc reactors utilize germicidal lamps
that have a life span of approximately 9,000 hours (https://bit.ly/37ZH6mB), estimating the need
to change lamp once a year, it adds up to six lamps per year.
For the evaluation of impacts related to the production and importation of the UVc lamps
and reactor units, new processes were created within SimaPro. Due to lack of specific input
materials and processing required for manufacturing of the lamp and reactor unit, the input-output
databases were selected as input for both the processes which requires price of the items as input.
Data for price of lamp as well as the reactor unit was provided by Ranontsika (reference Appendix
B – Table B.1) and also the disposal of lamps over their utilization was also incorporated within
the defined process. A detailed inventory with selected input databases and importation (France)
of lamps and reactor unit is included in Appendix D (Table D.1), under the section “Treatment of
water – UVc radiation ”. Note that the reactor units have a life span of 20 – 25 years (reference
Appendix B – Table B.3) and are installed once over 20 years with an annual replacement of UVc
lamps for all six reactor units.
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Finally, the water passes through activated carbon filtration unit using GAC as the filter
media. The filtration unit consists of a filter housing and the filtration media. Based on the provided
data (reference Appendix B – Table B.1), the facility requires 12 kg of GAC filter media on a
monthly basis. The facility imports filter media from a U.S. company (https://bit.ly/3lJ8oDL) that
supplies steam-activated virgin carbon. A process for production of GAC was defined in SimaPro.
It was estimated through the information gathered from the manufacturing company’s website and
literature review that the GAC material is produced from hard coal through the process of steam
activation and because of its size and density, it eliminates the utilization of any coagulants or
flocculants (Igos et al., 2021). Therefore, hard coal supply mix and processing of steam for
chemical process were selected as input materials for the process of production of GAC.
For the estimation of input values of hard coal and steam requirements, based on input data
defined for production of GAC (Bayer et al., 2005), it was estimated that 60% of the original
weight is lost during the procedure. The study specified that 3 tons of hard coal as raw material
and 12 tons of steam are required for production of 1 ton GAC. Furthermore, calculations were
made for production of 12 kg GAC which would require 36 kg hard coal raw material and 144 kg
steam for activation. The estimated values were then added into the defined process as input values
and disposal of used GAC was also included within the process. In addition, another process was
created for defining the impacts related to production of filtration housing units, input raw material
(polypropylene granulate), processing (injection molding), and importation (U.S.) for each unit
were added as input. Overall, the facility utilizes two filtration units which are again required to
be installed just once for the time frame of 20 years. An inventory with all specific details is
included in Appendix D (Table D.1), under the section “Treatment of water – GAC filtration”.
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Furthermore, a general process was created incorporating all of the processes involved in
treatment of extracted groundwater. The process was defined for treating groundwater over the
course of a month, therefore input values for all processes were based on one-month values
(reference Appendix B – Table B.1). Initially, the output for the process was defined as treated
water with an input value of 400 m3, given that the facility produces 20 m3/day of treated water on
an average, 20 working days/month. Similarly, an input of groundwater extracted from nature was
added with an input value of 460 m3 (23 m3/day). Then the processes defined for microfiltration
cartridge (3 pieces/month), UVc lamps (0.2 pieces/month), and GAC filter media (12 kg/month)
were added within the process. An inventory with all specific details is included in Appendix D
(Table D.1), under the section “Treatment of water – Treated water”. Following treatment water
is now ready to be refilled into the washed recycled containers.
3.2.2.2 Recycling of Containers
The 20-liter HDPE containers used by the facility for packaging of treated water are
originally containers produced locally in Toamasina by developers for storing vegetable oil. Once,
the oil has been transferred to larger oil barrels, the containers are sold off in the wholesale market
and Ranontsika purchases these containers, washes and disinfects them, and then uses the
containers for packaging treated water. Therefore, no impacts related with the production of new
HDPE containers were included within the defined system boundary because the facility does not
use any freshly produced containers and reuses already used oil containers, which certainly can be
considered as waste from the oil packaging facilities. However, an estimated value of
environmental impacts related with production of containers were included as an input for the
cleaning of recycled containers, further details are specified in text.
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As a means to understand the impacts related to the production of fresh HDPE containers
a new process was defined in SimaPro. The input data required for production of an HDPE
container was obtained from survey of existing studies. It was specified by a study (Treenate et
al., 2017) that for the production of 6-liter HDPE oil container weighing 0.35 kg, an input of 0.385
kg of HDPE pellets raw material with blow molding processing is required. Based on this
information, it was estimated that for the production of a 20-liter HDPE container weighing
approximately 1.16 kg, it will require an input of 1.195 kg of HDPE granules. Therefore, for the
process defined for production of HDPE containers, the input material of HDPE granules and blow
molding processing were added with an input value of 1.195 kg. An inventory for the same is
included in Appendix D (Table D.1), under the section “Recycling of containers – HDPE
containers”.
Furthermore, for detailed evaluations for estimating the total quantity of containers that
will be required by the facility over the time frame of 20 years, the author had performed the
following calculations. Initially, it was researched that Madagascar has an average family size of
4.6 people (Iarivony et al., 2005) and on daily basis, an African family utilizes approximately 5
gallons (≈ 19-liters) of water (Weil, 2013). Given this information, it was determined that an
average sized family require one 20-liter container a day. In addition, it was suggested by a study
that typically a plastic container shall be reused for no more than 33 times because any later reuse
tends to result in release of carcinogenic agents from the material (McFarlane, 2016). Considering
the fact that the container is cleaned and disinfected with chemicals after every use causes major
health concerns and extreme reusing of containers causes its wear and tear. Therefore, an
assumption was made for this study that each container will be washed, sanitized, and re-filled for
33 times, prior to its disposal. The assumed recycling frequency value seems to justify with another
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similar study article stating that on an average the polycarbonate plastic container used for
packaging of treated water shall be sanitized and re-filled for 40 times at most (Yo Handry, 2021).
Accordingly, based on these calculations and available data, it was determined that the
production facility produces volume of water equivalent to 1,000 20-liter containers in a day. It
was further assumed that on an average people would return empty containers to the kiosk every
four days. This means that the batch of containers which was sold on day-1 will then be returned
and available to the facility on day-5 for reuse and refill. Based on this calculation, the production
facility would require 1,000 used oil containers a day (bought by the facility from the supplier) for
in total 4-consecutive days, totaling to 4,000 used oil containers. Then, on day-5, the batch of day1 1,000 containers would be available to the facility for refill, followed by day-2 containers
available for refill on day-6, so on and so forth.
Additionally, keeping in mind the previous assumption that the containers were re-filled
for 33 times each, calculations were done for estimating the number of days for which the defined
4-day cycle of reusing containers shall be applicable. A reference matrix created for better
understanding of calculations done for evaluating days for reusing cycle is included in Appendix
C (Table C.1). It was evaluated that on day-129, the day-1 container was being reused for the 33rd
time and thereafter, for the day of return of that batch i.e., day-133 the facility will be required to
purchase 4,000 more used oil containers (estimated for 4 consecutive days as specified earlier) for
packaging of water. Therefore, it was estimated that cycle of reusing all 4,000 containers for 33
times each, ends at day-132 and other 4,000 used oil containers shall be required by the facility for
further operation. Observed that, the facility will require 8,000 containers for 264 days (132 * 2),
which is slightly more than a year, considering an average of 252 working days in Madagascar
(ExcelNotes, 2020). An approximation was made while counting two 132-days cycles in a year
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for the ease of calculations. As a result, the calculation of number of containers required for the
time frame of 20 years were estimated as 40 cycles (132 days), totaling to accounting for
requirement of 160,000 containers. Detailed list of assumptions and calculations performed for
estimating quantity of HDPE containers required over 20 years is included in Appendix C.
The process of recycling of containers begins with manual cleaning of used containers. A
new process entitled for cleaning of recycled containers (with input values relative to 1 month)
was created in SimaPro. Initially, the above specified process for HDPE containers was selected
as input for the process and following equation (3.1) was used for the evaluation of its input value
while accounting for the reduced impacts as a result of recycling of used containers.
𝐼𝑛𝑝𝑢𝑡 𝐻𝐷𝑃𝐸 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟𝑠 =
(𝑁𝑜. 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟𝑠 ×

(𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑢𝑠𝑒𝑑 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟)
(𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑛𝑒𝑤 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟)

)⁄𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟𝑠 [3.1]

On the basis of data provided by Ranontsika, it was known that the facility buys the used
containers from the local wholesale vendors at a price of 3,100 MGA (≈ 0.84 USD) per container.
However, the author was unable to obtain the price of fresh bulk containers in sub-Saharan Africa
and therefore an average price of containers was estimated based on the bulk prices for 20-liter
HDPE containers in different manufacturing countries like India, China, and Turkey (reference
Appendix C – Table C.2). The estimated average price of fresh bulk HDPE container was found
to be 7,850 MGA (≈ 2.08 USD) and was assumed to be as the purchase price of bulk containers
for the studied facility. Additionally, as discussed earlier, it was assumed that each container was
refilled for 33 times. Therefore, the input value for the HDPE containers was evaluated to be
approximately 257 containers per month (input HDPE containers = [21,000 * {0.84 / 2.08}] / 33)
= 257).
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Furthermore, the facility utilizes locally manufactured liquid dish soap at a consumption
rate of 50 liters per month (i.e., approximately 53 kg per month) (reference Appendix B – Table
B.1) for general washing of containers. For incorporating the utilization of dish soap for washing,
an input for soap production was selected with an input value of 53 kg. No importation calculations
were done for this process because the soap is produced in Madagascar and is purchased directly
from nearby market. The containers are then cleaned with sodium bicarbonate (commonly known
as baking soda), requiring a dose of 3 spoons (166 g) per container, totaling to 140 kg requirement
for a month (reference Appendix B – Table B.1). An input material of soda powder was added to
the defined process with an input value of 140 kg along with the data for its transportation to the
facility all the way from China.
In the next step, the containers are disinfected using calcium hypochlorite (HTH) and also
the chlorination of rinse water and cleaning of the workstations is done using the same disinfectant.
Again, the input material of calcium chloride from hypo-chlorination was added with an input
value of 3.8 kg (reference Appendix B – Table B.1) and data for its transportation from China to
the facility was included. In addition, for estimating the generation of wash-water, it was assumed
that the wash-water was treated at a small-scale municipal sewage/wastewater treatment plant.
Therefore, an input of treatment of sewage at a wastewater treatment plant was included within
the process with an input value of 3 m3. The input value of generated wash-water is inclusive of
the quantity of water generated from the cleaning and washing of containers and general cleaning
and maintenance of the facility. A detailed inventory with a list of input materials and their related
transportation evaluations is included in Appendix D (Table D.1), under the section “Recycling of
containers – Recycled container cleaning”.
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Once the containers are washed, cleaned, and disinfected, they are ready to be filled with
treated water. Later, the filled containers are packaged prior to selling for avoiding spillage of
water. Every container is sealed with 55-mm aluminium foil seal that is applied using a 1000-W
induction sealer equipment which is powered by a 3-kVA backup generator requiring gasoline as
fuel supply. A new process was created assigned for production of aluminium foil seals.
Aluminium foil sheet was selected as an input material and laminating of foil (inclusive of cutting)
was selected for processing of seals. The input values were calculated on the basis of dimensions
of the aluminium seal utilized by the facility. Additionally, for incorporating impacts associated
with the induction sealer and generator utilized for sealing of containers, the input-output databases
were selected as input for processes defined for both. Transportation of each equipment to the
facility was included within the defined processes as well. An inventory with all specific details is
included in Appendix D (Table D.1), under the section “Recycling of containers”. Noted that the
induction sealer as well as generator both have a life span of over 20 years (reference Appendix B
– Table B.3) requires to be imported just once over 20 years without any major replacements.
Following sealing of containers, they are enclosed with plastic caps and are then labeled
with Ranontsika stickers. The facility uses 3 * 25 cm paper label that are all printed at a local
printing shop. Therefore, for the process created for production of paper labels, use of laser jet
printer for colored printing was included along with the input materials specific to labels. For the
paper labels, firstly uncoated paper and polypropylene film were selected as input materials,
followed by selection of processing of lamination of labels. Again, the input values for all added
materials, processing, and use were calculated based on the provided dimension of paper label. A
detailed list for the same is included under the section “Recycling of containers – Paper labels”.
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Furthermore, a general process for packaging of containers was created in SimaPro. The
input values for the process were estimated for production of 19,600 containers in a month
(reference Appendix B – Table B.1). The pre-defined processes for aluminium seals and paper
labels were added as input for this process with the input value of 19,600 pieces. Considering that
both seals and labels were imported from China, their transportation to the facility was included
in the process. In addition, accounting to the fact that the induction sealer is powered by gasoline,
the processing of combustion of gasoline in equipment was added as an input with the input value
of 80 liters which is equivalent to the total amount of gasoline required by the facility, every month.
The process for gasoline combustion is inclusive of accounting for the impacts related with
production and import of gasoline into the system, therefore gasoline was not included as an
individual material into the defined process. An inventory with all specific details is included in
Appendix D (Table D.1), under the section “Recycling of containers – Packaging of containers”.
Finally, the packaged potable water containers are ready to be delivered.
3.2.2.3 Delivery of Containers
The packaged potable water containers (each weighing about 21.16 kg) are loaded onto a
delivery truck which then delivers them to the local kiosks and brings back the empty used
containers for reuse. The facility owns a diesel-fueled 5-ton delivery truck that transports around
200 containers in one trip and does around 5 trips in a day, on the road for an average travel
distance of 22 km for a typical round-trip delivery (reference Appendix B – Table B.1). A process
was created for delivery truck and the input-output database for industrial trucks and tractors was
added as material along with its related transportation from China to the facility. Furthermore,
another process was created assigned for the delivery of containers. The small lorry transport was
selected as transport process with an input value of 466 kg-km estimated for delivery of 1
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container. The selected transport process inclusively accounts for impacts related with the
production and import of diesel; therefore, diesel was not included as a material into the process.
A detailed list for reference is included under the section “Delivery of containers”. Noted that truck
units have a life span of 20 - 25 years (reference Appendix B – Table B.3) does not requires to be
imported more than once over 20 years.
3.2.2.4 Electricity Generation
As mentioned previously, the entire facility is operated using solar power, in total the
facility had installed ten 100-W polycrystalline solar panels for generating electricity which is then
stored in four 150 Ah – 12 V solar batteries for future consumption (reference Appendix B – Table
B.1). New process was created for accounting for the production and installation of solar panels.
Therefore, an input processing of production of a multi-Si photovoltaic panel and installation of
panel on roof was added. The input values were estimated over calculations done for the given
dimensions (1.07 * 0.5 * 0.03 m) and power (100 W) of an individual panel. Considering that the
solar panels were imported from France, the related impacts with transportation to the facility were
also included. Another process was created for incorporating solar battery, however with lack of
specific input data, the input-output material processing for storage batteries along with its
transportation (France) to the facility was added within the defined process. Note that, disposal of
the photovoltaic panels after use has already been included within the selected life cycle inventory
and is therefore not included within the defined process. However, considering the life span of
solar panels (over 25 - 30 years) (Sunrun, 2020) and the solar battery (approximately 10 years)
(reference Appendix B – Table B.3), the facility will be required to install the solar panels just
once with replacement of batteries twice, over the time frame of 20 years.
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Furthermore, given that Toamasina receives an average of 6.5 hours of daily direct sunlight
(Weather & Climate), each 100-W solar panel can produce 650 Wh (0.65 kWh) of power a day,
totaling to 6.5 kWh power a day with ten solar panels. Therefore, a new process was created in
SimaPro, defined for incorporating electricity production. The above specified process for solar
panel was included as input with an input value of 10 pieces for including the overall electricity
production. An inventory with all specific details is included in Appendix D (Table D.1), under
the section “Electricity generation”.
3.2.2.5 Water Production Facility Operation
Finally, a life cycle was created for estimating the environmental impacts related to the
operation of the water production facility. All of the processes defined above were included within
the life cycle for assessment of the facility, with input values estimated over the considered time
frame of 20 years. Namely, the processes added in the life cycle were as follows: (a) treated water
(96,000 m3); (b) recycled container cleaning (4,704,000 pieces); (c) packaging of containers
(4,704,000 pieces); (d) delivery of containers (4,704,000 pieces); (e) electricity production (47,450
kWh); (f) microfiltration filter housing (12 pieces); (g) UVc reactor unit (6 pieces); (h) GAC filter
housing (2 pieces); (i) Induction sealer (1 piece); (j) Generator (1 piece); (k) delivery truck (1
piece); (l) solar pumping unit (2 pieces); and solar battery (4 pieces). A detailed inventory with all
specific details is included in Appendix D (Table D.1), under the section “Treatment plant
operation”.
3.2.3 Life Cycle Impact Assessment
The life cycle impact assessment (LCIA) for the study was performed using the Cumulative
Energy Demand (CED) and Global Warming potential (GWP) methods available in SimaPro 7.3.3
(PréConsultants, 2020). The CED version 1.07 method was used because it interprets the embodied
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energy for an LCA on the basis of megajoule (MJ). The GHG emissions and carbon footprint was
evaluated using the Intergovernmental Panel on Climate Change (IPCC) 2007 GWP 100a method,
that provides results in terms of GWP expressed as kg CO2-eq. Data normalization and weighting
are not included in these methods.
3.2.4 Data Quality and Assumptions
The data entries used for this study were collected from Ranontsika, quality manuals, water
analysis results, and other direct information provided to the thesis author. The proposed plant
process flow diagrams were verified with Ranontsika to assure that all of the processes and
operations were included. The background data required for the system analysis were adapted from
SimaPro databases, which might induce data differences because of the fact that the databases are
limited to mainly Asian-European countries and the U.S. and very less databases are available for
global and rest of the world regions. Therefore, assumptions were made for the study that the
nuances of data with country specific production are negligible and certainly would not affect the
overall evaluation as much, however it is a limitation of this study.
The facility performs weekly water quality audits for testing the quality of provided water.
Certain chemicals and testing reagents required for qualitative monitoring were found to be
imported from neighboring countries (e.g., UK) and the largest city in Madagascar, Antananarivo.
However, an assumption was made that the testing of water quality had a small or negligible impact
on the overall environmental footprint in comparison with the production of potable water at the
facility. Therefore, this study ignores the environmental impacts associated with water quality
testing.
Furthermore, range of scenarios were considered for the transportation of materials and
equipment to the facility. An average import of materials once every quarter was typically
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addressed except for the UVc lamps and micro filter cartridges which were assumed once a year.
Also, while accounting for machinery and equipment utilized, one or two time import for period
of 20 years was reviewed. And because the exact list of materials/assemblies and processes
involved were unknown, the input-output databases were selected for evaluation. Overall, all of
the related differences were assumed negligible.
Additionally, the facility reutilizes used containers for packaging and selling of treated
water, therefore impacts related with the production of HDPE containers are not considered within
the defined system boundary and are referred to as the environmental impacts saved by the facility
by reusing of containers.
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Chapter 4: Results and Discussion

4.1 Impact of Processes to Treat Water
In this section the CED and GWP values for the processes involved in treatment of water
over the time frame of 20 years are evaluated. The treatment of water at the production facility
over 20 years has a CED of 588,780 MJ and a GWP of 26,868.26 kg CO2-eq. Furthermore, these
values can also be normalized in the terms of the FU, i.e., for 20 m3/day of potable water produced
for 20 years. Considering that on an average the facility operates for 21 days a month, the amount
of potable water produced in a month can be calculated as 420 m3 (20 m3/day * 21 days). Similarly,
it can be projected that the facility will produce about 100,800 m3 of potable water over the time
frame of 20 years (420 m3/month * 12 months/year * 20 years). Therefore, the CED normalized
to 1 m3 of potable water equals 5.84 MJ/m3 potable water produced (588,780 MJ / 100,800 m3)
and the GWP equals 0.27 kg CO2-eq/m3 potable water produced (26,868.26 kg CO2-eq / 100,800
m3).
The results are represented in the form of bar graphs showing the contribution of the
individual processes and assemblies involved in the treatment of water for the CED (Figure 4.1)
and GWP (Figure 4.2). Results show that as expected the process of treating water has the highest
contribution (69.8%) to the overall CED value (Figure 4.1). This is because the water is treated
with three different treatment systems and an LCA accounts for the energy demand related to the
production of required treatment materials, its operation, and transportation to the facility from
other countries. Furthermore, in terms of energy demand related to the production and importation
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of required assemblies and equipment units, the UVc reactor unit is shown to have the highest
demand (1.39 MJ/m3). This is mainly because in the absence of specific production input data, an
input-output database for industrial machinery and equipment was selected as the input process
which accounts for several general processes related with production of list of equipment.

Processes/Assembly

GAC Filter Housing

0.002

UVc Reactor Unit

1.39

Microfiltration Filter Housing

0.02

Solar Pumping Unit

0.36

Treated Water

4.08

Treatment of Water

5.84
0

2

4

6

8

CED (MJ/m3)

Figure 4.1 Graphical representation of LCA results in terms of CED, showing contribution of
each process/assembly involved in the treatment of water.
In addition, in terms of the GWP (Figure 4.2), the process of treating water (48%) and the
UVc reactor unit assembly (40%) account for the highest contributions. For water treatment, the
production of the GAC filter media has highest carbon footprint, especially from the production
of steam for the process of steam activation of carbon granules. Furthermore, referring to necessary
assemblies and equipment units, again the UVc reactor unit has a high carbon footprint because of
the selected input-output database. Also, all of the required materials/assemblies are imported to
the facility from other countries through sea freight. This requires energy and fuel consumption
for the transportation.
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Figure 4.2 Graphical representation of LCA results in terms of GWP, showing contribution of
each process/assembly involved in the treatment of water.
4.2 Impact of Processes to Recycle Storage Containers
The recycling and packaging of water storage containers at the facility over the 20-year
time frame has a CED of 10,257,610 MJ (≈ 102 MJ/m3 potable water produced) and GWP of
345,206.4 kg CO2-eq (≈ 3.42 kg CO2-eq/m3 potable water produced). The results are graphically
represented in Figure 4.3 for the CED and Figure 4.4 for the GWP for the processes and assemblies
engaged in the process of recycling containers. It can be depicted from the two figures that the
process of cleaning recycled containers has the highest contribution to the overall environmental
impact for both CED (83.8%) and GWP (78.4 %). This is because the process of cleaning the
recycled containers demand the input of production and utilization of recycled containers and the
production of containers in consideration with its recycling rate has the highest energy demand
and carbon footprint.
Furthermore, the process of packaging the containers has the next highest contribution
while the environmental impacts related with the generator and induction sealer are almost
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negligible. The process of packaging containers has a contribution to the overall environmental
impacts because the process accounts for the production, utilization, and importation of the
aluminium seals and paper labels and in addition to that, the induction sealer equipment is powered
by a gasoline generator, therefore demanding for energy for operation and air emissions from
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Figure 4.3 Graphical representation of LCA results in terms of CED, showing contribution of
each process/assembly involved in recycling of containers.
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Figure 4.4 Graphical representation of LCA results in terms of GWP, showing contribution of
each process/assembly involved in recycling of containers.
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4.3 Impact of Process to Deliver the Containers
The process of delivering packaged containers to the local water kiosks is examined for a
time frame of 20 years and has a CED of 4,791,000 MJ (≈ 47.5 MJ/m3 potable water produced)
and GWP of 344,500 kg CO2-eq (≈ 3.42 kg CO2-eq/m3 potable water produced). Figure 4.5 shows
the CED, and Figure 4.6 shows the GWP for the process of delivery of containers as well as
utilization and importation of 5-ton delivery truck to the facility. The results suggest the process
of delivering packaging containers to the kiosks is the primary contributor to the overall impact in
terms of both energy demand and carbon footprint. This process seems to have higher
environmental impacts because the facility uses a diesel fueled 5-ton truck for the delivery of
packaged containers and on an average, the truck conducts 5 trips a day while covering a distance
of 22 km per trip.
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Figure 4.5 Graphical representation of LCA results in terms of CED, showing contribution of
each process/assembly involved in delivery of containers.
Additionally, the processes defined for transportation within the LCA includes the fuel
combustion along with emissions arising from vehicle production, maintenance, and end of life;
infrastructure construction, working, maintenance, and end of life; and diesel production, and
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distribution (Facanha & Horvath, 2007). Therefore, the results displayed for the overall emissions
of road transportation of packaged containers to the kiosks is notably high. Furthermore, another
reason for the high impact values might be that even though the delivery is to local areas covering
comparatively lower travel distance, the produced water is quite heavy on a per volume basis and
the facility makes 5 trips in a day, increasing the diesel use.
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Figure 4.6 Graphical representation of LCA results in terms of GWP, showing contribution of
each process/assembly involved in delivery of containers.
4.4 Impact of Processes to Generate Electricity
One of the unique features of this study is that the facility is primarily powered using solar
panels. As mentioned previously, the facility had installed ten 100-W solar panels that produces
approximately 6.5 kWh power per day. It was estimated the facility will produce power worth
47,450 kWh over the period of 20 years. The process of generating electricity and the requirement
for batteries for storing generated power over time frame of 20 years has a CED of 241,000 MJ (≈
2.39 MJ/m3 potable water produced) and GWP of 13,169 kg CO2-eq (≈ 0.13 kg CO2-eq/m3 potable
water produced).
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The evaluated environmental impacts results are graphically represented in terms of CED
(Figure 4.7) and GWP (Figure 4.8) related with the processes and assemblies required in the
process of electricity generation. The results show that the process of electricity generation from
solar panels is the major contributor to the overall impact. The processes is inclusive of the
production, utilization, and importation of solar panels utilized for the production of electricity.

Processes/Assembly

Solar Battery

0.13

Electricity Production

2.26

Electricity Generation

2.39

0

0.5

1

1.5

2

2.5

3

CED (MJ/m3)

Figure 4.7 Graphical representation of LCA results in terms of CED, showing contribution of
each process/assembly involved in electricity generation.
The process of electricity production accounts for approximately 94.5% (2.26 MJ/m3) of
overall energy demand and 92.3% (0.12 kg CO2-eq/m3) of the overall carbon footprint. This might
be because the input processes included for the solar panel, accounts for all of the components,
energy use, and transport of materials associated with the production and installation of the
photovoltaic panel. However, electricity generation from solar power tends to have lower overall
environmental impacts in comparison with other included processes.
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Figure 4.8 Graphical representation of LCA results in terms of GWP, showing contribution of
each process/assembly involved in electricity generation.
4.5 Impact of Operation of Overall Water Production Facility
In this section the CED and GWP for the operation of water production facility are
evaluated over the time frame of 20 years. As a whole, the operation of Ranontsika water
production facility has a CED of 15,878,490 MJ (≈ 158 MJ/m3 potable water produced) and GWP
of 729,743.66 kg CO2-eq (≈ 7.24 kg CO2-eq/m3 potable water produced). A detailed LCA result
table (Table E.1 – Appendix E) is provided with the list of evaluated CED and GWP values for all
processes and assemblies. Also located in the Appendix are graphical representations (Figure E.1
and E.2) of the LCA results showing contribution of four major categories, i.e., treatment of water,
recycling of containers, delivery of containers, and electricity generation is included in the
Appendix E.
The results are also represented in the form of pie-charts showing the percentage
contribution of the earlier defined four major process categories (Figure 4.9). In the terms of CED,
it is displayed from the outcomes that the process of recycling of containers has the highest
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contribution of 65% (102 MJ/m3) towards the CED, followed by the delivery of containers with a
30% contribution ( 47.5MJ/m3). However, in terms of GWP both processes, recycling and delivery
of containers has equal contribution of 47% with approximately equal GWP values for recycling
of containers (345,206.4 kg CO2-eq/m3) and delivery of containers (344,500 kg CO2-eq/m3)
(reference Appendix E – Table E.1). The environmental impacts related with the process of
treatment of water and electricity generation both have the least contribution to the overall values.
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Figure 4.9 Graphical representation of LCA results in terms of CED and GWP, showing
percentage contribution of each process/assembly in operation of water production facility.
The process of recycling of containers have a significant impact because it requires HDPE
containers as an input for packaging of treated water. And the process of producing HDPE
containers (inclusive of considered recycling rate) is shown to have a higher energy demand as
well as carbon emissions from the container manufacturing processes. Secondly, the cleaning of
containers generates considerable amount of wash-water that is required to be treated. An
assumption was made for this study that the wash-water is treated in a wastewater/sewage
treatment plant prior to its disposal. And for the same, treatment process of sewage in a small-scale
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municipal wastewater treatment plant was included within the defined process. This process is
inclusive of processes and related environmental impacts accounting for infrastructure materials,
operation, transport, dismantling, and land use, therefore equating in higher energy demand and
carbon emissions.
Additionally, as mentioned previously in this chapter, the process of delivery of containers
has a substantial contribution towards overall environmental impacts mainly because of the
combustion of diesel fuel in truck engine. The diesel fueled vehicles contribute largely to the
generation of harmful particulate emissions along with production of ground-level ozone,
ultimately resulting in a higher GWP value. And the facility owns a 5-ton delivery truck which is
required to make approximately 5 round trips with an average travelling distance of 22 km/trip on
daily basis. Eventually raising the energy demand and carbon footprint values associated with the
diesel consumption and its production.

4.6 Impact of Production of HDPE Containers
Considering that the facility reuses used oil containers and not the freshly manufactured
containers for packaging of treated water, no environmental impact related to the production of
HDPE containers were included within the defined system boundary. However, impacts related
with production and utilization of recycled containers were included within the defined system
boundary. A detailed LCA result table (Table E.2) with a list of evaluated CED and GWP for
production of new HDPE containers and recycled containers is included in Appendix E.
The evaluated environmental impact results are graphically represented in terms of CED
(Figure 4.10) and GWP (Figure 4.11) related with the production of 1 container. The results show
that the production of 1 new HDPE container accounts for a CED of 120 MJ and GWP of 3.6 kg
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CO2, while production and utilization of 1 recycled container has a much lower environmental
impact, with CED of 1.47 MJ and GWP of 0.044 kg CO2-eq.
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Figure 4.10 Graphical representation showing comparison of CED related to production of 1
piece of new and recycled HDPE container.

4

3.6

Process/Assembly

3.5
3
2.5

2
1.5
1
0.5

0.044

0
HDPE New Container

Recycled Container

GWP (kg CO2-eq)

Figure 4.11 Graphical representation showing comparison of GWP related to production of 1
piece of new and recycled HDPE container.
Furthermore, estimations were done to analyze the impacts related to the production of
required HDPE containers for a time frame of 20 years, that are saved by the process of reusing
containers. The results showed that the CED saved by the facility is equivalent to 19,064,000 MJ
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and GWP saved is equivalent to 567,960 kg CO2-eq. Therefore, reutilization of used containers
and further recycling of individual containers for packaging of treated water is worth
approximately 189 MJ/m3 of embodied energy demand and 5.63 kg CO2-eq/m3 of carbon footprint
(reference Appendix E – Table E.2).

4.7 Context Assessment Summary
Limited research has been done for evaluation of environmental impacts for small-scale
water supply systems especially in low- and middle-income countries. Accordingly, the results of
this study were compared with values reported in the literature for different scales of water supply
systems in different countries (Figure 4.12). However, results for different studies vary primarily
depending on the processes considered and the method of evaluation implied by the study.
Therefore, a general comparison of the emission values for different water supply systems is
considered.
It can be observed from the Figure 4.10 that the production of imported 1.5-liter bottled
water has the highest environmental impacts in terms of GWP with a value of 79 kg CO2/m3
(Aberilla et al., 2020). This is primarily because of the impacts related with the production of these
single-use bottles and the related disposal concerns. Furthermore, the results show that the GWP
evaluated for the production of packaged potable water for this study (7.24 kg CO2-eq/m3) is lower
than literature reported values for the production of imported reusable large (18.9-liter) bottled
water (20.1 kg CO2-eq/m3) (Aberilla et al., 2020). This might be because the containers are
transported to the facility from other countries and because that the water production facility is
powered by a coal-based electricity mix, which results in higher environmental emissions.
Whereas the studied facility utilizes solar energy for power generation which provides with
significant assistance in lowering the overall carbon footprint related with the system. A table with
67

detailed GWP values and facility locations is included in Appendix E (Table E.4). Accordingly,
the studied facility is responsible to deliver the packaged containers to kiosks and therefore process
of delivering containers was included within the system boundary. However, if an assumption is
made that the packaged containers are sold at the facility itself, the impact related with delivery of
containers can be ignored which assists in significant reduction of GWP to 3.82 kg CO2-eq/m3.
Note that the overall GWP reduces by a factor of approximately 3 units just by avoiding the
delivery of containers to kiosks.

Figure 4.12 Comparison of GWP values for different scale water supply systems (WSS).
Additionally, it is observed that the medium scale, large scale, and centralized water supply
systems tends to have relatively lower GWP ranging from 0.91 (Landu & Brent, 2006) to 3.4 kg
CO2-eq/m3 (Del Borghi et al., 2013). The primary reason for the differences is that the carbon
emissions associated for each facility varies with different water sources selected, treatment
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processes considered, and defined system boundaries. Furthermore, it shall be considered that with
an increase in the operational size of the facility, the process related emissions shall reduce because
larger systems are generally related with larger consumption of materials/assemblies and the
production, and transportation of bulk quantities are usually lower in comparison with production
of smaller quantity of material. Accordingly, a study (Cornejo et. al., 2016) performed to assess
the impact of scale on the environmental sustainability of the wastewater treatment systems
concluded that along with economies of scale, consistent saving in the operational costs and
environmental emissions (in terms of both embodied energy and carbon footprint) can be gained.
With an increase in the level of production there seems to be an entitled benefit of reduction in
overall environmental impacts.
Another research study performed in South Africa (Landu & Brent, 2007), concluded that
emission of air pollutants was mainly because of the electricity generation, accounting for almost
97% of the total emissions. On the other hand, the installation and utilization of solar power at the
studied production facility assists in the reduction of overall CED and GWP values. This was
estimated by comparing the environmental impact values evaluated for electricity production at
grid and production through photovoltaic panels at the facility for a unit value (1 kWh) of
electricity generated. The results showed that the on an average the CED and GWP values related
with electricity production from grid were approximately 3 - 3.5 times the values related with the
production of electricity from solar panels at facility. Table E.3 and comparative bar graphs (Figure
E.3 and E.4) with specific details are included in Appendix E. Therefore, the results can be justified
in reference to other research studies indicating energy use as a crucial factor, accounting for
almost 68-92% of the total carbon footprint for the water facilities (Cornejo et al., 2014; Stokes &
Horvath, 2009).
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In addition, facilities utilizing groundwater as a water source typically have higher energy
consumption because of the high pumping requirements for supplying water (Mo et al., 2011).
However, the studied facility utilizes solar pumping units for the extraction of groundwater, having
comparatively lower energy demand than conventional pumping. Therefore, it can be stated that
utilization of solar powered equipment has had a major impact in reduction of overall GWP.
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions
The initial hypothesis proposed for this thesis is that the production facility depends largely
on import of commodities from other countries, therefore resulting in higher contribution of the
process towards the overall related environmental impacts and local production of commodities
shall contribute to lower the related environmental impacts. Based on the results the statement can
be stated as minorly correct. This is because the results demonstrated that importation of materials
and assemblies to the facility does have an impact on the overall CED and GWP. However, the
production and utilization of materials and equipment also had a significant contribution to the
overall CED and GWP evaluated for the operation of the water production facility over a time
frame of 20 years.
Results show that the process of recycling containers contributes most to the CED (65%)
and GWP (47%), followed by the process of delivery of packaged containers contributing to almost
30% of the CED and 47% of the total GWP. However, the process of treatment of water and
electricity generation has the least contribution to overall CED value (4%) and GWP value (1-2%).
Furthermore, the water production facility is utilizing solar panels for power generation with no
electricity consumption from the grid. Based on the results, it can be concluded that utilization of
solar energy at a small water production facility does reduce the overall energy demand and carbon
footprint. A comparison analysis for production of 1 kWh electricity was performed which resulted
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in CED and GWP related to the electricity production from grid being 3-3.5 times larger than
impact values related to electricity production from solar panels at the facility.
Finally, the operation of potable water production facility has an overall CED of 158 MJ/m3
and a GWP of 7.24 kg CO2-eq/m3, with the highest contributor for both considered impacts being
the recycling of containers with CED value of 120 MJ/m3 and GWP value of 3.42 kg CO2-eq/m3.
Followed by delivery of packaged containers to the kiosk with CED value of 47.5 MJ/m3 and GWP
value of 43.42 kg CO2-eq/m3, treatment of water with CED value of 5.84 MJ/m3 and GWP value
of 0.27 kg CO2-eq/m3, and finally electricity generation with CED value of 2.39 MJ/m3 and GWP
value of 0.13 kg CO2-eq/m3.

5.2 Recommendations for Future Research
Based on the impact assessment results, it is discovered that utilization of diesel fueled
transportation unit results in significant environmental impacts. Therefore, further research can be
done to look for utilization of alternative fuel (e.g., biodiesel or natural gas) that might assist in
lowering emissions into the environment. While, while keeping in mind that the production facility
is situated in Madagascar, which purely depends on other countries for the import of fossil fuels,
therefore a detailed analysis inclusive of production, operation and disposal of alternative fuels
can be done.
Furthermore, the production facility utilizes used oil containers and recycles them for
packaging treated water. The process of reusing containers reduces the impacts related to
production of large quantities of containers, however all containers have a lifespan of certain time
and must be disposed then after. Therefore, some further research could be done for analyzing or
investigating for certain input material which can be used for manufacturing of containers that
have larger reusing lifespan.
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In addition, an assumption is made based on research that the containers shall recycled for
not more than 33 times, therefore, a sensitivity analysis could be performed to assess how different
values for frequency of recycling containers can affect the overall environmental impacts related
to the production facility. Overall, future studies can be done more accurately for determining
alternatives for improving the current treatment technologies acquired for production of potable
water in areas of least developed countries, with lower environmental impacts and socio-economic
impacts.

5.3 Note for Ranontsika Water Production Facility
Established on the basis of results obtained for the evaluation of environmental
sustainability of the small-scale water production facility, it can be said that the facility does a very
good job in minimizing the CED and GWP for the treatment life stage. This is exceptional
considering of the fact that the facility is located on a least developed island country and depends
largely on import of essential commodities from other countries.
The key drivers for sustainable operation of the facility are that first, the facility is powered
using solar panels and does not utilize electricity from power supply grid, which tends to reduce
significant number of environmental emissions related to the production of electricity at grid.
Second, the facility cleans used oil containers and reutilizes them for packaging of treated water.
The process of reusing of containers facilitates in further reduction of environmental sustainability
indicator impact values associated with the production of packaging containers. It was observed
that the process of cleaning of containers for reutilization had considerably lower energy demand
and carbon footprint in comparison to that of production of new containers.
Additionally, the facility is responsible for delivery of packaged containers to the local
kiosks and therefore the process of delivery of containers via diesel powered truck was included
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within the defined system boundary. Results showed that delivery process had the highest
contribution to the overall environmental impact, which might be due to the fact that the facility
owns single 5-ton truck unit which is responsible for delivering all 1,000 packaged potable water
containers to kiosk on daily basis. This requires the truck to make several round trips across the
city throughout the day, ultimately resulting in considerable amount of carbon emissions and
energy demand related with the combustion of diesel fuel in truck engine. Therefore, it can be
suggested that the facility might consider an alternative means of delivery. Furthermore, as
suggested earlier for future work recommendations, analysis shall be done for determining
preferable fuel alternative or methods of container delivery to be used for the delivery vehicle.
Overall, the facility has fair sustainability impact on the environment, while alterations in few
processes could assist in increased reduction in associated footprints.
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Appendix B: Input Data Provided by Ranontsika

Table B.1 Input data for processes and materials required for production of potable water at the
facility (data provided by Ranontsika)
Materials/
Assemblies

Amount

Units

Importation

Cost (USD)

Remarks for
Price

m3/d

Derived/
Imported
from
-

Groundwater
extracted through
pumps
Solar pump system

23

-

-

-

2

pcs

Germany

Sea

2,711

Treated water
(packaged)
Wastewater (wash
and service)
Micron filters
GAC filter media
UVC reactor units

20

m3/d

-

-

-

Per pump
system
-

3

m3/d

-

-

-

-

36
12
6

pcs/m
kg/m
pcs

China
U.S.
France

Sea
Sea
Sea

2
5
3,572

UV lamps
Sodium bicarbonate
Liquid dish soap

6
140
53

pcs
kg/m
kg/m

Sea
Sea
-

39
1
-

Calcium hypochlorite
(HTH)
Aluminum seals
Paper labels
Gasoline

3.8

kg/m

France
China
Locally
produced
China

Per unit
Per kg
Per reactor
unit
Per unit
Per kg
-

Sea

2

Per kg

21,000
21,000
60

pcs/m
pcs/m
kg/m

Sea
Sea
Sea

0.0216
0.0108
1.11

Per piece
Per piece
Per liter

Diesel

320

kg/m

Sea

0.92

Per liter

Backup generator
(3- kvA)
5-ton delivery truck
Truck travel distance
(round trip)

1

piece

China
China
All fuel in
Madagascar
is imported
All fuel in
Madagascar
is imported
China

Sea

694

Per unit

1
22

piece
avg. km/
delivery

China
-

Sea
-

29,429
-

Per unit
-
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Table B.2 Input data for transportation of materials/assemblies to the facility
Material/Assembly

Country of
Importation

Port of
Importation

Load
Carried
per
Import
(kg)

Travel
Distance
per
Import
(km)

Input
(kg-km)

25.6

Travel
Distance
per
Import
(nautical
miles)
7,987

Solar pump system

Germany

Port of Hamburg

14,791.92

378,673

Microfiltration
cartridge
Microfiltration filter
housing
UVc lamp

China

Port of Shanghai

0.1

6,960

12,889.92

1,289

China

Port of Shanghai

0.93

6,960

12,889.92

11,988

France

0.12

5,876

10,882.35

1,306

32

5,876

10,882.35

348,235

12

10,810

20,020.12

240,241

0.93

10,810

20,020.12

18,619

China
China

Port de Lyon
Edouard Herriot
Port de Lyon
Edouard Herriot
Port of Palm
Beach
Port of Palm
Beach
Port of Qingdao
Port of Qingdao

UVc reactor unit

France

GAC filter media

U.S.

GAC filter housing

U.S.

Sodium bicarbonate
Calcium hypochlorite
(HTH)
Aluminium seal

140
3.8

7,322
7,322

13,560.34
13,560.34

1,898,448
51,530

China

Port of Shenzhen

0.025

6,129

11,350.91

284

Paper label

China

Port of Shenzhen

29.5

6,129

11,350.91

334,852

Induction sealer
equipment
Generator
Truck
Solar Panels

China

Port of Ningbo

5

5,982

11,078.66

55,393

China
China
Germany

Port of Ningbo
Huanghua Port
Port of Hamburg

38
7,550
7.5

5,982
7,670
7,987

11,078.66
14,204.84
14,791.92

420,989
107,246,542
110,939

Solar battery

Germany

Port of Hamburg

45.5

7,987

14,791.92

673,032
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Table B.3 Summary of life span of considered material/equipment
Material/Equipment
Solar pumping unit
UVc reactor unit
Induction sealer
Generator
Delivery truck
Solar panel
Solar battery

Life Span (years)
≈ 20
20-25
20-25
25-30
20-25
25-30
≈ 10

Frequency of Replacement over 20 years
No replacement required
No replacement required
No replacement required
No replacement required
No replacement required
No replacement required
One time
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Appendix C: Input Data for HDPE Container Production

List of assumptions▪

One (≈ 4.6 people) family requires one 20-liter container a day

▪

Residents return empty containers to kiosk every 4 days

▪

Each container is re-filled for 33 times

▪

Facility requires 1,000 used containers (bought by facility from supplier) per day, for
four consecutive days = 4,000 containers

▪

Cycle of re-filling 4,000 containers for 33 times each lasts for 132 days

▪

Approximation made that two 132-days cycles occur in a year

▪

For time frame of 20 years, forty 132-days cycles will occur
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Table C.1 Reference matrix generated for evaluating days for the container reusing cycle
Day-1 (1,000 p)
6
11
16
21
26
31
36
41
46
51
56
61
66
71
76
81
86
91
96
101
106
111
116
121
126
Day-131

Day-2 (1,000 p)

Day-3 (1,000 p)

Day-4 (1,000 p)

Day-132

Day-133 (1,000 p)

129
Day-134

Day-5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
Day-135

Calculations▪

Facility requires 8,000 containers in a year

▪

Facility will require 160,000 containers (8,000 * 40) over 20 years
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Table C.2 Bulk Price of HDPE Containers in Different Countries
Product
20L Plastic Jerry Can
20 L Blue Plastic Jerry Can
20 L HDPE Jerry Can
20 L White Plastic Jerry Can
20 L HDPE Jerry Can
Blue 20L HDPE Jerry Can
Average Price

Price/Piece (Bulk Price)
$1.94
$2.5
$2.45
$1.63
$1.4
$2.56
$2.08

Location
Konya, Turkey
Jiangsu, China
Hebei, China
Mumbai, India
Jodhpur, India
Punjab, India

Reference
https://bit.ly/38ZcRwU
https://bit.ly/3c8LGlg
https://bit.ly/312nTNh
https://bit.ly/313HOvy
https://bit.ly/3sanxjD
https://bit.ly/3cQ7b9C
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Appendix D: Life Cycle Inventory Data for Water Production Facility

Table D.1 Life cycle inventory for processes defined for the evaluation of the operation of water
production facility
Processes

Inventory/Processes selected

Input

Unit

Source

TREATMENT OF WATER
Solar pumping unit
Pumps and compressors
Transport, transoceanic freight
ship/OCE S

Facility
For 1 unit
1,837.72
379,000
(25.6kg * 14,791.92km)

USD2002
kgkm

Microfiltration
Microfiltration cartridge
Polypropylene fibers (PP),
production mix, at plant, PP
granulate/ EU S
Melt blow molding/ RER S
Transport, transoceanic freight
ship/OCE S
Disposal, polyethylene, to
municipal incineration/CH S
Microfiltration filter housing
PET bottles E
Injection molding/ RER S
Transport, transoceanic freight
ship/OCE S

Calculations
For 1 piece
0.09

0.09
1,290
(0.1 kg * 12,889.92 km)
0.1

kg

kg
kgkm
kg
Calculations

For 1 unit
0.965
0.965
12,000
(0.93kg * 12,889.92km)

kg
kg
kgkm

UVc radiation
UVc lamps
Electric lamp, bulbs and tubes
Transport, transoceanic freight
ship/OCE S
Disposal, fluorescent lamps/ GLO S
UVc reactor unit
Industrial and commercial
machinery and equipment
Transport, transoceanic freight
ship/OCE S

Facility
For 1 piece
22
1,310
(0.12kg * 10,882.35km)
0.12

EUR2003
kgkm
kg
Facility

For 1 unit
2,543.38
348,000
(32kg * 10,882.35km)

USD2002
kgkm
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Table D.1 (Continued)
Processes
Inventory/Processes selected
GAC filtration
GAC filter media
Hard coal supply mix, at
regional storage/ US S
Steam, for chemical processes,
at plant/ RER S
Transport, oceanic freighter,
average fuel mix/ US
Disposal, carbon SPL, to
residual material landfill/ CH S
GAC filter housing
Polypropylene, granulate, at
plant/ RER S
Injection molding/ RER S
Transport, oceanic freighter,
average fuel mix/ US
Treated water
Water, well, in ground
Microfiltration cartridge
UVc lamps
GAC filter media

Input

Unit

Source
Bayer et al., 2005

For 1 month
36

kg

144

kg

240,000
(12kg * 20,020.12km)
12

kgkm
kg
Calculations

For 1 unit
0.965
0.965
18,600
(0.93kg * 20,020.12km)
For 1 month
420
483
3
0.2
12

kg
kg
kgkm

m3
m3
p
p
kg

Facility

RECYCLING OF CONTAINERS
HDPE container (new)
Polyethylene high density
granulate (PE-HD), production
mix, at plant RER
Blow molding/ RER S
Recycled container cleaning
HDPE Container

Soda powder
Calcium
hypochlorite

Soap, at plant/RER S
Soda, powder, at plant/RER S
Calcium chloride, from hypo
chlorination of allyl chloride, at
plant/RER S
Transport, transoceanic freight
ship/OCE S
Transport, transoceanic freight
ship/OCE S
Treatment, sewage, to
wastewater treatment, class
5/CH S

Treenate et. al., 2017
For 1 container
1.195

kg

1.195
For 1 month
21,000
257
([21,000 * (0.84/2.08)]/33)
53
140
3.8

kg

1,900,000
(140kg * 13,560.34km)
51,500
(3.8kg * 13,560.34km)
63

kgkm

p
p

Facility

kg
kg
kg

kgkm
m3
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Table D.1 (Continued)
Processes
Packaging

Inventory/Processes selected

Input

Unit

Source

For 1 piece
Aluminium seals
Aluminium sheet, primary prod.,
aluminium sheet product RER S
Laminating, foil, with acrylic
binder/ RER S
Paper labels
Paper, woodfree, uncoated, at
regional storage/RER S
Oriented polypropylene film E
Laminating, foil, with acrylic
binder/RER S
Use, printer, laser jet, colour, per
kg printed paper /RER S
Induction sealer
Gaskets, packing, and sealing
devices
Transport, transoceanic freight
ship/OCE S

Calculations
0.0000013

kg

0.00475

m2

0.000901

kg

0.000889
0.0075

kg
m2

0.0009

kg

Calculations

Facility
For 1 unit
88.1
55,400
(5kg * 11,078.66km)

USD2002
kgkm

Generator

Facility
Motors and generators
Transport, transoceanic freight
ship/OCE S

Packaging of Containers
Aluminium seals
Paper labels
Gasoline, combusted in equipment
Aluminium Transport, transoceanic freight
seals
ship/OCE S
Paper
Transport, transoceanic freight
labels
ship/OCE S

For 1 unit
470.44
421,000
(38kg * 11,078.66km)
For 1 month
21,000
21,000
21,000
80
306
(0.027kg * 11,350.91km)
358,000
(31.5kg * 11,350.91km)

USD2002
kgkm

p
p
p
l
kgkm

Facility

kgkm

DELIVERY OF CONTAINERS
Delivery Truck (5-ton)
Industrial trucks and tractors
Transport, transoceanic freight
ship/OCE S
Delivery of containers
Small lorry transport, Euro 0, 1, 2,
3, 4 mix, 7,5 t total weight RER S

Facility
For 1 unit
19,949.16
107,000,000
(7,550kg * 14,204.84km)

USD2002
kgkm
Facility

For 1 container
466
(21.16 kg * 22km)

kgkm
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Table D.1 (Continued)
Processes

Inventory/Processes selected

Input

Unit

Source

ELECTRICITY GENERATION
Solar panels

Calculations
Photovoltaic panel, multi-Si, at
plant/ RER/ I S
3kWp slanted-roof installation,
multi-Si, panel, mounted, on
roof/ CH/ I S
Transport, transoceanic freight
ship/OCE S

For 1 panel
0.535

m2

0.216

p

110,000
(7.5kg * 14,791.92km)

kgkm

Solar battery

Facility
Storage batteries
Transport, transoceanic freight
ship/OCE S

Electricity production (6.5 kWh/day)
Solar panels

For 1 unit
203.36
671,000
(45.36kg * 14,791.92km)
For 20 years
47,450
10

USD2002
kgkm

kWh
p

Calculations

WATER PRODUCTION FACILITY OPERATION
Production Facility

Facility

Treated water
Recycled container cleaning
Packaging of containers
Delivery of containers
Electricity production
Microfiltration filter housing
UVc reactor unit
GAC filter housing
Induction sealer
Generator
Delivery Truck
Solar pumping unit
Solar battery

For
1 month
420
21,000
21,000
21,000
195
For 20 years
12
6
2
1
1
1
2
4

For
20 years
100,800
5,040,000
5,040,000
5,040,000
47,450

m3
p
p
p
kWh
p
p
p
p
p
p
p
p
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Appendix E: LCA Results Data

Table E.1 LCA results for the water production facility over period of 20 years
Processes/Assembly
Treatment of Water
Treated Water
Solar Pumping Unit
Microfiltration Filter Housing
UVc Reactor Unit
GAC Filter Housing

CED
(MJ)
588,780
411,000
36,000
1,570
140,000
210

CED
(MJ/m3)
5.84
4.08
0.36
0.02
1.39
0.002

GWP
(kg CO2-eq)
26,868.26
12,800
1,990
71.2
12,000
7.06

GWP
(kg CO2-eq/m3)
0.27
0.13
0.02
0.0007
0.12
0.00007

Recycling of Containers
Recycled Container Cleaning
Packaging of Containers
Induction Sealer
Generator
Delivery of Containers

10,257,610
8,620,000
1,630,000
1,380
6,230
4,791,000

102
85.5
16.2
0.01
0.06
47.5

345,206.4
270,000
74,600
90.4
516
344,500

3.42
2.68
0.74
0.0009
0.01
3.42

Delivery of Containers
Delivery Truck
Electricity Generation
Electricity Production
Solar Battery
Water Production Facility

4,500,000
291,000
241,100
228,000
13,100
15,878,490

44.6
2.89
2.39
2.26
0.13
158

320,000
24,500
13,169
12,300
869
729,743.66

3.17
0.24
0.13
0.12
0.01
7.24
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Processes/Assembly

Water Production Facility

158

Electricity Generation

2.39

Delivery of Containers

47.5

Recycling of Containers

102

Treatment of Water

5.84
0

50

100

CED

150

200

(MJ/m3)

Figure E.1 Graphical representation of LCA results in terms of CED, showing contribution of
each process/assembly involved in operation of overall water production facility.

Processes/Assembly

Water Production Facility

7.24

Electricity Generation

0.13

Delivery of Containers

3.42

Recycling of Containers

3.42

Treatment of Water

0.27
0

2

4

6

8

GWP (kg CO2-eq/m3)

Figure E.2 Graphical representation of LCA results in terms of GWP, showing contribution of
each process/assembly involved in operation of overall water production facility.
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Table E.2 Data for comparison of CED and GWP values for production of new and recycled
HDPE containers
Processes/Assembly
New HDPE Container Production
Recycled Container Production

New HDPE Container Production
Recycled Container Production
Impacts Saved by Facility (difference)

CED (MJ)
For 1 piece
120
1.47

GWP (kg CO2-eq)
3.6
0.044

For 160,000 pieces (For 20 years)
19,300,000
575,000
236,000
7,040
19,064,000
567,960
(189 MJ/m3)
(5.63 kg CO2-eq/m3)
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Table E.3 Data for comparison of CED and GWP values for production of electricity from solar
panels and grid
Processes/Assembly

Electricity Production from Solar
Electricity Production from Grid

CED
(MJ)

GWP
(kg CO2-eq)

For 1 kWh
4.8
12.9

0.259
0.995

14

12.9

12

Process/Assembly

10
8
6

4.8

4
2
0
Electricity Production from Solar

Electricity Production from Grid

CED (MJ)

Figure E.3 Graphical representation showing comparison of CED related to production of 1 kWh
of electricity from solar panels and grid.

1.2
0.995

Process/Assembly

1
0.8

0.6
0.4
0.259
0.2
0
Electricity Production from Solar

Electricity Production from Grid

GWP (kg CO2-eq)

Figure E.4 Graphical representation showing comparison of GWP related to production of 1
kWh of electricity from solar panels and grid.
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Table E.4 Data for comparison of GWP values for different scale water supply systems
Water Supply Systems (WSS)

GWP Value
(kg CO2-eq/m3)

Location

Study

Centralized (>50 MGD)

1.97

Atlanta, U.S.

Jeong et al., 2015

Large Scale (10-50 MGD)

3.4

Sicily, Italy

Del Borgi et al., 2013

Medium Scale (1-10 MGD)

0.9

Gauteng, South Africa

Landu & Brent, 2006

Small Scale (<1 MGD)

7.24

Madagascar

This study

18.9 L reused imported bottle

20.1

South East Asia

Aberilla et al., 2020

1.5 L single-use imported bottle

79.0

South East Asia

Aberilla et al., 2020
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